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preface: 


Tht*  review  o  1  GoYeriament-apostured  rs«*srsh  and  dnvel.jp- 
m«Rt  program*  on  lungeUn  U  ba»«d  on  a  *Sudy  by  ths  Dsfen« 
Metiifo  Information  Center  for  the  benefit  rod  u*c  of  Government 
tgoncio*  tingaged  in,  or  interested  tn,  tunjrtan  technology,  The 
essential  detail*  of  the  etuiy  are  presented  here  because  of  their 
wide  interest  to  organisation  *  producing,  using,  or  inwatigntiag 
tungsten  ao<i  i;«  aiioye.  Contractual  Information  on  raeaarch  and 
devafoprjAnt  program*  on  tuiig*t«n  appear*  In  the  Appendix. 
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TUNGSTEN  RESEARCH  AND  DEVELOPMENT  REVIEW 

I960  -  1962 

SUMMARY 


Government-sponsored  tungsten  research  and  development  efforts  encompass  a 
broad  range  of  technological  activities.  Typifying  the  extreme  limits  of  efforis  since 
January,  I960,  studies  have  ranged  from  preparation  uf  unalloyed  metal  to  development 
of  high -integrity  fabricated  shapes  of  tungsten-b«sc  materials.  The  distribution  of  re¬ 
search  and  development  activities  is  illustrated  in  the  tabulation  below,  which  lists  nine 
major  areas  of  tungsten  technology  and  shows  the  extent  to  which  each  has  received 
Government  support.  These  nine  major  areas  outline  the  broad  over-all  effort,  and 
each  is  summarized  within  this  report  by  brief  technical  discussions  of  194  separate 
studies  on  79  research  programs.  A  listing  of  the  79  programs  is  given  in  the 
Appendix. 


Individual  Studies  on 
Government-Sponsored 


Major  Area _ _ Programs 


Preparation  of  Metal  3 

Consolidation  26 

Primary  and  Secondary  Working  21 

Joining  9 

Fabrication  and  Performance  of  Rocket  Nozzles  7 

Oxidation  and  Other  High -Temperature  Reactions  6 

Protective  Coatings  5 

Properties  12 

Physical  Metallurgy  .  15 

TOTAL  104 


Based  upon  this  review  of  tungsten  reseuch  and  development,  it  can  be  concluded 
that  a  well-balanced  over-all  program  was  developed  and  pursued  during  the  period 
I960  -  1962  and  now  continues.  The  majority  of  the  work  to  date  const, i  des  only  initial 
efforts  and,  although  considerable  progress  has  been  made,  continued  efforts  in  all 
areas  are  desirable. 
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INTRODUCTION 


This  report  is  a  review;  of  79  tungsten  research  and  development  programs 
sponsored  by  the  Government  which  were  either  in  progress  as  of  January  1,  I960,  or 
were  initiated  since  that  date  but  prior  to  1963.  Work  begun  in  1963  had  not  progressed 
enough  to  warrant  review  at  the  time  of  the  special  DM1G  study  on  which  this  report  is 
based. 


The  body  of  this  report  presents  a  technical  summary  of  the  over-all  research  and 
development  efforts  on  tungsten.  This  is  divided  into  separate  categories  of  more 
specific  emphasis  according  to  technology.  Included  for  each  area  of  technology  is  a 
brief  .statement  of  research  objectives,  a  few  significant  details  concerning  the  approach 
of  the  programs,  and  a  snort  summary  of  any  important  developments  or  conclusions. 
The  Appendix,  to  the  report  identifies  each  program  referenced  in  the  report,  with  a 
brief  description,  under  categories  identical  to  those  in  the  body  of  the  reviev,. 


PREPARATION  OF  METAL 


Tungsten  Powder 


The  objective  of  work  in  this  area  is  to  prepare  tungsten  powders  of  submicron 
particle  size.  Two  programs^,  2)*  with  these  intended  objectives  have  demonstrated 
the  fcasioility  of  preparing  powder  with  a  mean  diameter  of  less  than  0.  01  micron. 

Vitro  Laboratories’  approach^)  is  to  first  prepare  electrically  conducting  anode#  from 
mixtures  of  carbon  and  tung.  ,ic  oxide  {WO3).  These  anodes  are  then  vaporized  in  a 
high- intensity- arc  chamber  using  grar!.Ite  as  the  cathode  ma.erial.  Condensation  of 
the  supercool ,jd  vapors  resulted  in  the  ^articulation  of  fine  oxide  which  is  ultimately 
reduced  by  lydrogen  to  form  metallic  tungsten  powder. 

During  the  reduction  step  it  was  found  that  very  fine  low-purity  powder  resulted 
from  prolonged  low- temperature  reduction  cycles,  while  short  high' temperature  cycica 
yielded  powders  with  larger  mean  diameters  and  higher  purities.  For  example,  re¬ 
ducing  at  716  to  642  F  (38C  to  450  C)^*  for  46  hours  resulted  in  a  powder  with  a  purity  ol 
95.  25  per  cent  tungsten  ?nd  *  mean  surface  area  of  46.  7  sq  m  per  gram.  A  3-hour 
reduction  cycle  at  temperatures  between  572  and  131?  F  {300  and  825  C)  gave  99.  lb 
per  cent  pure  material  with  a  surface  area  cl  6.  6  aq  m  per  gram.  Powder  a  with  surface 
areas  exceeding  20  sq  m  per  gram  wore  found  to  be  pyrophoric  when  e„posed  to  air. 

In  work  sponsored  by  the  AEC,  Union  Carbide^ ^  has  also  produced  powder 
material  wit!,  a  surface  area  between  5  and  10  sq  n  pei  gram,  and  has  further  demon¬ 
strated  the  ability  of  this  material  to  be  sintered  lower  tempt, raturea,  1  e. ,  2652  to 
29i2  F  {’400  to  1600  C),  and/or  shorter  tunes  to  -U.n«uUus  exceeding  90  per  cent  of 
theoretical. 


High-Purity  Tupgste;* 


Tlie  preparation  of  ultra  pure  tungsten  vun  huw'  t,;  the  Ailoyd  CurFor.A> {) 
by  first  -tone  refining  V.C^,  (oUow-d  by  fey^roger.  reauc*.  -  «f  th,  cKr  „nde  -.-p.-.r  o>  .j  , 
*tefen»Cid  pasgtauu  *■-.  i .pei  srJ  aroo’-tta  la  Os  Apy-voto: , 

",?h*’0ug»is>*s tfieiepotiCrviUgj^siii^jpstaf •!«#:«  c'’v.t.v  r- .  » -  ,,  .  ,  s. 
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a  c<  ne rent  metal  deposit.  Analytical  data  from  this  material  showed  totaL  metallic  im- 
Snir  ties  ranging  between  30  and  400  parts  per  million  and  a  toal  Interstitial  impurity 
coi  c>nt  of  1  0  ppm. 

Vapor  deposition  is  being  used  to  prepare  tungsten  notzls  liners  at  High  Tempera- 
tui  «•  Materials,  Inc.  ^33)^  Bureau  of  Mines  (Rolls,  Mo.  )(17),  Motional  Bureau  of 
Star  Jar  ds<16),  end  Battelle  Memorial  lnstitute(34).  in  this  process,  which  is  dis¬ 
cus  .ed  in  more  detail  later  in  this  report,  tungsten  of  relatively  high  purity  is  de - 
pos.tocl  by  the  hydrogen  reduction  of  WF^. 


CONSOLIDATION 


Powder  Metallurgy 


Pov.  Jer  Compaction 


The  Hughes  Tool  Company(4)(  in  conducting  a  systematic  study  of  the  compaction 
beii.  vior  of  tungsten  powder,  among  others.,  has  shown  that  importjat  differences  exist 
betv  >en  the  consolidation  characteristics  of  ductile  metallic  powders  and  brittle  ce- 
rarr  .c  materials.  Results  from  this  work  indicated  that  voida  In  metallic  compacts  are 
elir  inated  by  plastic  deformation  of  the  composite  particles.  Fragmentation  which 
o-'  rs  while  compacting  ceramic  materials  provides  a  great  n  umber  of  smaller  parti¬ 
cle.  which  settle  out  to  occupy  interstices  thus  densifylng  thes<  structures.  Most  sig- 
nifi-  ant  from  this  study  were  steps  taken  toward  clarifying  err  nteous  hypotheses  as  to 
wh  forces  operate  during  powder  compaction.  The  former  concepts  of  particles 
slid  ng  past  one  anothev  during  compaction  and  of  resultant  particle  interlocking  as  an 
expi  nation  for  green  strength  do  not  appet  r  to  be  valid. 


-.'.a  Spraying 

The  objective  of  work  in  this  area  was  to  demonstrate  thi  feasibility  of  directly 
pret  iring  pieces  of  hardware  of  highdensity  by  plaama-arc  spraying  of  tungsten  powder 
or  v  .re.  This  process  was  investigated  by  both  the  General  Electric  Company  and  the 
Ma*  achusetta  Institute  of  Technology  under  three  Navy- sponat  red  programs. 

Two  of  thesu  were  conducted  at  MiT^'^  where  both  ope  »-air  and  inert  - 
atm  jsphere  deposition  techniques  were  studied;  the  latter  offered  somewhat  more  lati- 
tud«  in  the  resultant  properties  of  the  deposits.  With  the  exce  >tlon  of  spraying  angle 
(90  degree  impingement  was  optimum)  while  spraying  in  the  oj  en  air,  the  operating  arc 
var  ables  offered  little  control  over  the  density  of  the  deposits  Deposit  densities  were 
va.  ?ble  between  65  and  85  per  cent  of  theoretical  for  respect!  -e  spray  angles  of  15  and 
90  -  purees.  The  entire  process  was  Improved  by  eptaying  unc  ar  a  protective  nitrogen 
an..  .sphere  which  allowed  the  substrate  temperature  to  be  increased  to  1200  to  1500  F 
as  oxidation  was  r.o  longer  a  limiting  factor.  Under  these  con.  itions,  the  operating  arc 
var  lblea  were  more  effective  in  modifying  the  deposit  der.jitb  «  as  controlled  values 
bet  een  50  and  91  per  cent  of  theoretical  were  obtained.  For  given  arr  operating  oon- 
ditt.n,  'powder  particle  size  was  also  found  to  influence  the  re-  ultant  density.  Done  in  * 
of  6  and  82  per  cent  were  accomplished  white  spraying  3-  and  550 -micron  particles, 
resj  actively.  T  *-om  thi*  work,  it  was  concluded  that  the  epra-  id  deposits  were  too 
por.  us  for  some  purposes,  therefore,  efforts  were  made  to  ef  ;ct  a  denser  structur.  by 

Best  Available  Copy 
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sintering  after  deposition.  All  of  the  sprayed  tungsten  was  found  to  be  brittle  in  bending 
at  room  temperature. 

The  General  Electric  Company^  investigated  both  a  consumable-wire-fed  arc- 
spray  gun  and  a  commercial  powder-fed  plasma  jet  as  to  their  abilities  to  produce  high 
density-high  strength  deposits  of  unalloyed  tungsten.  From  this  work,  it  was  found  that 
equivalent  density  levels  between  84  and  88  per  cent  were  obtainable  by  either  process 
while  spraying  on  a  cold  mandrel  /pen  to  the  atmosphere.  However,  the  powder-spray 
process  was  preferred  since  in  the  as-sprayed  condition  at  room  temperature  it  was 
nearly  two  and-a-h  tlf  times  stronger  than  similar  wire-sprayed  deposits.  Evaluation 
of  30-mil-thick  powder -sprayed  deposits  revealed  ar.  as-sprayed  interstitial  content  of 
2300  ppm  oxygen  and  200  ppm  nitrogen,  which  could  be  reduced  to  28  ppm  and  10  ppm, 
respectively,  by  prolonged  heat  treatments  under  hydrogen  Mid  vacuum.  Such  heat 
treatment  resulted  in  improved  bend  ductility  aa  the  transition  tempe-ature  was  de¬ 
creased  from  a  level  above  2000  F  to  900  F. 

In  efforts  to  obtain  higher  densities.  General  Electric  also  investigated  the  possi¬ 
bility  of  activated  sintering.  Dilute  blended  powde  alloys  were  initially  sprayed,  then 
sintered  for  1  hour  at  2800  F.  From  this  work,  the  W-5Re~lNi  composition  was  se¬ 
lected  for  further  study  on  the  basis  of  its  high  density  {98  per  cent)  after  spraying  and 
sintering,  and  its  single-phase  structure.  However,  an  attempt  to  prepare  a  rocket- 
nozzle  configuration  from  this  alloy  by  spraying  and  sintering  on  a  graphite  mandrel 
resulted  .In  severe  distortion  and  cracking.  Generally,  this  behavior  was  attributed  to 
a  poor  distribution  of  the  deposit  thickness  and  residual  stresses  known  to  exist  in 
plasma- sprayed  coatings. 

Spraying  with  the  protection  of  a  nitrogen  atmosphere,  and  elevating  substrate 
temperatures  to  2000  F,  were  also  investigated  as  means  of  obtaining  high-density  de¬ 
posits.  As  a  reeult,  deposits  with  densities  between  90  and  92  per  cent  of  theoretical 
were  produced.  All  of  this  work  employed  powder  with  an  average  particle  size  near  25 
microns. 


Slip  Casting 


The  Union  Carbide  Metals  Company^®)  investigated  the  process  of  slip  casting  and 
sintering  as  a  method  of  consolidating  tungsten  powder.  No  details  were  given  with  re¬ 
spect  to  the  nature  of  this  process  &■»  applied  to  tungsten  powder.  Therefore,  it  ir, 
assumed  that  the  operations  involved  were  similar  to  those  commonly  used  by  the  .  e~ 
ramic  industry  for  the  consolidation  of  refractory  oxides.  It  was  shown  that  densM'ee 
ranging  from  60  to  93  per  cent  o*  heoreticai  could  be  obtained  by  this  process  mainly 
through  variations  in  the  sintering  treatment  after  slip  casting. 


Sintering 


A  review  of  tin.  research  programs  related  to  tungsten  sintering  indicates  that 
this  process  is  currently  being  applied  to  three  areas  of  technology 

(!)  The  production  of  uniformly  high -density  {greater  than  92  per  cent 
of  theoretical)  billets  ior  primary  working 
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(2)  The  fabrication  of  porous  tungsten  ionizers  for  use  in  ion- 
propulsion  systems 

(3)  The  further  densification  of  plasma-jet-sprayed  components. 

The  Fansteel  Metallugrical  Corporation^'  jn  their  Navy-sponsored  Tungsten 
Sheet  Rolling  Program  demonstrated  an  ability  to  prepare  high-quality  sintered  billets 
1  by  6  by  13  inches  with  uniform  densities  ranging  between  93  to  95  per  c-.nt  of  theoret¬ 
ical.  To  achieve  these  results,  Fansteel  conducted  a  preliminary  screening  phase  in 
which  they  evaluated  numerous  powder  grades  and  pressing  and  sintering  conditions. 
From  this  it  was  concluded  that  3  to  4-mic  ,  n-diameter  powder  pressed  nydrostatically 
at  35,000  psi  followed  by  induction  sinter1  g  for  8  to  10  hours  in  hydrogen  at  2300  C 
was  a  near  optimum  and  practical  comb. .  ..ion  of  the  processing  parameters  required 
to  prouu  c  uniformly  high-density  billets  for  primary  working.  Although  the  resultant 
quality  o  these  billets  was  high,  workers  at  Fansteel  concluded  that  sintering  tempera¬ 
ture  was  the  most  important  variable  and  that  for  massive  sintering  more  consideration 
should  be  given  to  the  goal  of  attaining  higher  temperature  capabilities  (4712  to  1892  F, 
2600  to  2700  C,v,  thus  shortening  times  at  temperature. 

Oihcr  sintering  investigations^*  are  attempting  to  prepare  porous-tungsten 
-.■.mponenta  for  potential  use  in  ionic  propulsion  systems  with  cesium  vapor.  The  se¬ 
lection  of  tungsten  for  this  application  is  based  on  the  high  work  function  of  ite  surface 
for  electron  emission.  This  property,  in  conjunction  with  the  small  ionization  potential 
oi  cc.  am  vapor,  provides  nearly  ideal  conditions  for  the  subsequent  contact  ionization 
of  cesium. 

The  two  basic  structural  requirements  for  a  porous  ionizer  were  established  to 
be  inU iconneding  peroaity  and  individual  pore  sizes  not  exceeding  1  micron  in  diameter. 
Also,  the  porosity  shoulo  be  stable  at  operating  temperatures.  sustained  at  up  to  2000  F 
for  periods  of  1  to  2  years. 

NASA,  at  the  Lewis  Research  Center, ^  explored  the  feasibility  of  preparing,  by 
powder -metallurgical  methods,  .onizing  components  which  met  the  above  requirements. 
Spec  if, ’..ally,  the  effects  of  powder  particle  size  and  con  paction  and  sintering  conditions 
were  evaluated  with  respect  to  their  end  effects  on  the  permeability  of  sintered  tungsten 
bodies.  Fr.m  this  work  it  was  found  that  functional  ionization  components  could  be  pre¬ 
pared  by  die  pressing  1 -micron  powder  in  0.  Cl8-inch -thick  platelets  at  25,000  psi  and 
then  sintering  these  for  20  hours  at  2750  F.  Generally,  the  difficulty  encountered  was 
an  inability  to  achieve  a  satisfactory  permeability  in  conjunction  with  the  proper  pore 
size.  Fer  example,  hydrostatic  pressing  1-,  10-,  and  20 -micron  powder  at  58,0cu  ps, 
and  sintering  for  20  huu.s  a’  temperatures  between  2250  and  2900  F  resulted  in  material 
which  either  lacked  permeability  or  possessed  pore  diameters  exceeding  1  m<viuii. 

Thompson  R*mo  Wooldridge  Inc.^^  has  also  investigated  the  metallurgical 
problems  associated  with  the  deve'upment  of  porous- tungsten  ionization  . ompom ntu. 

The  objective  of  this  research  is  to  produce  Ionize i s  with  more  uniform  pui -  air. 
permeability  and  to  develop  improved  joining  Uchniques  which  will  all-w  1.  ak.ight  p-,, 
to  be  made  between  the  ionizer  and  its  supporting  structure. 

Two  programs^*  have  aisc  dealt  with  the  problem  of  achieving  further  den  uu 
cation  of  plasma-sprayed  mati  rial  by  subsequent  sm.t  ring.  Generally,  thm  ,.pp. .  .  u 
was  to  initially  study  the  "activation"  effect  thai  nickel  is  Known  i->  h  ice  <  n  tin  o,t  . 
of  tungsten  powder.  Amounts  of  nickel  ranging  from  (i.025  to  5.0  weight  p<  r  , .  ,  ■.<  . , 
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added  to  tungsten  by  two  methods ,  coreduction  of  the  oxides  and  coating  unalloyed 
powder  with  nickel  nitrate.  The  results  indicated  that  tungsten  sintering  could  be  acti¬ 
vated  with  a  minimum  amount  of  nickel  if  it  ass.  present  on  the  surface  of  the  powder, 
that  is,  applied  by  the  coating  process.  Foi  example,  coated  tungsten  containing  0.25 
per  cent  nickel  was  sintered  to  98  per  cent  of  theoretical  density  in  16  hours  at  2012  F 
(1100  C)  while  coreduced  powder  compacted  in  an  identical  manner  and  containing  1 
per  cent  nickel  required  27  hours  at  2012  F  (1100  C)  to  attain  the  same  density. 

This  knowledge  was  then  applied  to  the  denaification  of  plasma-sprayed  deposits 
with  as-sprayed  densities  of  85  per  cent  of  theoretical.  Nickel  additions  were  accom¬ 
plished  by  infiltrating  the  deposits  with  a  Zn-8Ni  solution  which,  after  vaporizat  on  of 
the  zinc,  left  0.2  to  0.4  per  cent  residua!  nickel  in  the  tungsten  structure.  Subset,  ent 
sintering  of  the  deposits  for  1  hour  at  2372  F  (1300  C)  demonstrated  that  densities  up 
to  95  per  cent  of  theoretical  could  be  obtained. 

As  a  continuation  of  their  nickel-activated  sintering  studies,  MIT^)  has  explored 
the  effects  of  other  Group  VIII  met&la  on  the  sintering  characteristics  of  tungsten  com¬ 
pacts.  Generally,  denaification  rates  were  significantly  increased  by  small  amounts  of 
palladium,  rhodium,  platinum,  and  ruthenium  (added  as  chlorides)  listed  in  the  order  of 
decreasing  acceleration  effect.  With  palladium,  the  most  effective  element,  densities 
of  93.  5  and  99.  5  per  cant  of  theoretical  were  obtained  after  sintering  a  W-9.  25  Pd  alloy 
for  30  minutes  find  16  hears*,  respectively,  at  2012  (1100  C).  The  proposed  mechanism 
for  the  improved  rates  of  denaification  assumes  that  the  activating  element  forms  a 
"carriar  phase"  layer  on  the  surface  of  the  tungsten  particles  which  In  turn  modifies 
the  rate  of  interfr-cial  diffusion  of  tungsten  atoms  between  particles. 


Melting  and  Casting 


Electron-Beam  Melting  (EDM) 


Electron-beam  melting,  as  a  method  for  consolidating  tungsten  and  its  alloys,  was 
investigated  by  the  Mallory-Sharon  Metals  Corporation.  The  melting  was  performed 
at  the  Stauffer-Temescal  Company  where  a  3-inch-dlameter  ingot  of  unalloyed  tungsten 
was  triple  melted  under  a  vacuum  ranging  from  0.05  to  10  micron  with  power  con¬ 
sumptions  between  200  and  260  kw.  Analytical  data  for  this  material  inoicated  that  tne 
total  interstitial  content  (C,  O,  N,  H)  was  reduced  from  930  ppm  to  120  ppm.  Further 
information  concerning  resultant  ingot  grain  size  and  melting  rate  was  not  available, 
however,  for  normal  EBM  tungsten  the  grain  size  i«.  ki  ami  to  be  large,  for  example, 
approaching  1  inch  in  diameter,  and  the  melting  ra»  alow,  that  is,  5  to  10  pounds  per 
hour  with  a  power  input  of  250  kw. 

The  Stauffer  Metals  Company  also  melted  unalloyed  ‘  mgsten  and  tungsten-baae 
alloys  for  the  General  Electric  Company^®)  under  an  Air  For.  c  -sponsored  weldim* 
program.  The  purpose  of  this  work  was  to  provide  General  Eke, .He  with  the  material* 
required  for  their  program.  In  all,  12  ingots  were  drip  melted  a  total  ot  five  turn  s 
each  into  a  2  to  4  inch-dtameter  water-cooled  retractable  copper  mold.  Eleven  »,t  thi  m 
ingots  were  dilute  tungsten-base  allwyo  containing  Ta,  Rc,  B,  C,  Zr,  Hf,  Y,  aatl  Th 
while  the  twelfth  was  “grain  refined"  unalloyed  tungsten.  For  the  latter,  a  minor  ai),.y 
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addition,  proprietary  to  Stauffer,  was  added  for  grain  refinement.  As  a  result,  the 
grain  size  was  reduced  approximately  one  order  of  magnitude.  Sidewall  appearance 
was  quite  good  for  all  of  the  ingots,  with  only  minor  remnants  of  surface  laps.  A  typ¬ 
ical  analysis  of  these  materials  indicated  a  total  interstitial  content  of  only  7  ppm. 

Consumable  Arc  Melting  (CAM) 


Although  more  control  is  possible  with  electron-beam  melting,  consumable  arc 
meltir^g  under  vacuum  is  generally  the  preferred  process  for  melting  tungsten. and 
tung /ten-base  alloys.  When  compared  on  the  basis  of  equivalent  power  inputs,  the  arc 
proccas  produces  ingots  of  equivalent  purity  and  sidewall  quality  with  significantly  in¬ 
creased  melting  rates. 

NASA,  at  the  Lewis  Research  Center, ^)  pelted  3/4-inch-diameter,  100  per  cent 
dense  swaged  rod  into  1-1/2-inch-diameter  ingots.  Using  3400  amperes  at  23  volts  in 
reverse  polarity  (electrode  positive  and  ingot  negative)  they  achieved  a  vory  rapid 
melting  rate  which  had  little  or  no  effect  on  the  initial  99.95  per  cent  purity  of  the 
swaged-rod  electrode.  After  melting,  it  was  necessary  to  remove  1/8  inch  from  the 
radius  of  the  ingot  sidewall  to  obtain  a  smooth  defect-free  surface. 

The  WeBtinghouse  Corporation,  under  three  Government  contracts,  has  been 
active  in  the  field  of  tungsten  and  tungsten-base -alloy  consumable  arc  melting.  Two 
programs  were  sponsored  by  the  Navy  while  the  third  is  being  funded  by  the  Air  Force. 
A  review  of  the  melting  developments  and  experiences  in  each  follows. 

In  one  program  for  the  Navyl1^,  unalloy-vd  tungsten  and  W-5Re  were  melted 
into  2-inch-diameter  ingots  from  5/8  to  i -inch-diameter  electrodes.  Each 
electrode  was  composed  of  sever  1  sections  Joined  end-to-end  by  TIG  (argon) 
weiding.  Initially,  attempts  were  made  to  melt  the«e  materials  using  d-c 
straight  polarity,  however,  this  approach  was  laU'v  abandoned  in  favor  of 
an  a-c  power  supply  as  numerous  difficulties  were  encountered.  Among  these 
were  radiation  damage  to  the  exposed  inner  areas  of  the  furnace  and  frequent 
burn-outs  of  the  water-cooled  copper  crucible.  Both  of  theso  difficulties  were 
attributed  to  the  large  power  partition  associated  with  d-c  straight-polarity 
meUing  — theoretical  estimates  are  that  90  to  95  per  cent  of  the  power  is  dissi¬ 
pated  at  the  anode  or  molten  pool.  Switching  to  a-c  power  tended  to  split  the 
power  equally  between  the  electrode  tip  and  molten  pool  thereby  reducing  the 
temperature  In  contact  with  the  copper  crucible  and  increasing  the  temperature 
on  the  electrode  tip.  As  a  result,  less  power  was  required  to  cast  ingots  of 
equivalent  diameter  by  employing  a-c  power. 

In  the  second  Navy  programU^),  the  objective  of  consumable  arc 
melting  was  to  establish  the  process  parameters  for  preparing  large 
ingots  of  tungsten  and  W-Mo  alloys  for  subsequent  conversion  to  rocket 
nozzles  by  forging  and  machining.  Mthough  this  technique  %vas  abandoned 
in  favor  of  the  vacuum  arc  skull-n.  ItiAg  technique,  considerable  data 
were  generated  which  were  significant  to  the  ea.riy  technology  of 
consumable  arc  melting: 
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(1)  A  definite  size  effegt  was  fotmato  be  associated  with  d-c 
straight-polarity  mqlting.  Belov/  a  critical  vah  e  of  mold** 
to-eleetrode  diameter  ratio,  melting  was  not  possible. 

(2)  A«  the  electrode  density  increased  from  70  to  100  per  cent 
of  theoretical,  the  melting  rate  decreased  for  3  given  mold- 
to-electrode  diameter  ratio  and  power  level. 

(3)  A  relationship  was  found  to  exist  between  the  el  tetrode 
density  and  the  melting  voltage  which  may  be  st  ttod  as 
follows;  as  the  electrode  density  increases  the  voltage 
required  to  molt  increases. 

(-1)  Additions  of  molybdenum  to  tungsten  resulted  in  ingots  with 
significantly  finer  grain  sizes  than  normally  observed  in 
molybdenum,  molybdenum-base  alloys,  or  unalloyed  tungsten. 

Furthermore,  during  this  program,  it  was  found  that  both  unalloyed 
tungsten  and  W-30Mo  could  be  melted  into  high-integrity  ingots.  However, 

15  attempts  to  melt  the  W-50Mo  alloy  were  unsuccessful  In  producing  a 
sound  crack-free  ingot. 

As  Phase  I  under  the  Air  Force  program,  Wostinghouse^)  reviewed 
the  literature  and  compiled  a  state-of-the-art  report  on  consumable  vacuum 
arc  melting.  Following  this  review,  a  facility  was  established  at  WADD  with 
the  intended  capability  of  melting  unalloyed  tungsten.  In  particular,  this  re¬ 
port  emphasized  the  design  parameters  related  to  the  selection  of  vacuum 
systems  and  power  supplies,  the  design  of  water-cooled  molds  and  stirring 
coils,  and  the  fabrication  of  consumable  electrodes. 

The  objective  of  subsequent  melting  investigations  conducted  in  this 
facility  established  melting  practices  for  selected  tungsten-base  alloys. 

Initially,  melting  was  attempted  with  the  W-6Mo-6Cb  alloy,  however,  due 
to  severe  ingot  cracking,  attention  was  shifted  to  theW-6Mo-2Cb  composition. 
This  composition  was  successfully  melted  into  3-1/2-inch-diameter  ingots 
using  electrodes  1-1/2  inches  in  diameter  of  89  to  94  per  cent  density. 

Melting  rates  between  0.  65  and  2. 55  pounds  per  min  were  achieved  for 
d-c  straight-polarity  power  inputs  ranging  between  160  and  200  kw.  Both 
increased  melting  rates  and  minor  additions  of  zirconium  {0.06  to  0.  12 
per  cent)  and  carbon  {50  to  270  ppm)  were  found  to  decrease  the  as-cast 
grain  size  of  the  W-6Mo-2Cb  alio/.  Ingot  grain  size  was  increased  by 
low  melting  rates  and  minor  additions  of  titanium  (0. 04)  and  oxygen  (500 
to  1000  ppm).  The  latter  levels  of  oxygen  were  tolerable  in  the  initial 
sintered  electrodes  as  nearly  ail  of  it  was  eliminated  during  arc  melting. 

Other  investigators  melting  unalloyed  tungsten  and  tungsten-base  alloys  include 
the  Oregon  Metallurgical  Company^),  Universal  Cyclops  Steel  Corporation^7), 
Climax  Molybdenum  Company('9,22)/  Wah  Chang  Corporation*' 8) f  and  the  Crucib.v 
Steel  Comoan y(&9,?0),  Generally,  these  melting  efforts  are  only  directed  toward  tlu 
production  of  billets  for  primary  working  te  fulfill  other  specified  end  objective  ».  Fu 
example,  the  first  three  contractors  listed  abovi  arc  supplying  4-inch -dianu Ur  b> 
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8-inch-tall  ingots  of  the  W-15Mo  alloy  to  Thompson  Ramo  Wooldridge  for  consumption 
in  their  tungsten-forging  program(22).  Material  from  all  three  sources  was  selected 
since  it  was  recognized  that  differences  in  ingot  processing  by  the  different  vendors 
might  influence  forgeability.  In  this  connection,  Oremet  cold  presses,  surface  welds, 
and  double  melts  their  electrodes  using  a-c  power  with  an  addition  of  0.  5  per  cent 
titanium  as  a  deoxidizer.  Universal  Cyclops  does  not  employ  a  deoxidizer  and  single 
melts  hydrogen- sintered  electrodes  using  d-c  straight  polarity.  Climax  Molybdenum 
utilizes  its  press-sinter-melt  (PSM)  process  in  which  powder  is  continuously  pressed, 
resistance  sintered,  and  melted  with  a-c  power.  Climax  frequently  uses  carbon 
additions  for  deoxidation. 

Universal  Cyclops(27)^  climax  Molybdenum W),  antj  Crucible  Steel^,70)  are 
also  supplying  ingots  to  their  own  manufacturing  and  alloy  development  programs. 


Skull  Melting  and  Centrifugal  Casting 


The  Westinghouse  Electric  Corporation^ ^  concluded  that  of  the  three  processes, 
powder  metallurgy  (size  limited),  vacuum  arc  melting  (fabrication  limited),  and  skull 
casting,  the  latter  appeared  most  attractive  for  tho  production  of  tungsten  and  tungsten- 
alloy  rocket  nozzles.  Proceeding  with  this  concept,  they  produced  the  first  thin-wall 
skull  casting  ever  made  from  W-50Mo,  W-30Mo,  W-lOMo,  W-lMo,  and  pure  tungsten, 
in  that  order.  The  target  casting  configurations  were  Polaris  A2  nozzle  throat  inserts. 
For  these  castings  the  minimum  wall  thickness  and  ID  were  0.  175  inch  and  3.  58  inches, 
respectively,  while  the  respective  maximum  values  of  wall  thickness  and  OD  were 
0.  91  inch  and  6.  20  inches.  High-purity  graphite  was  found  to  be  the  best  mold  material 
as  it  minimized  both  entrapped-gas  porosity  and  contamination  through  carburization 
of  the  final  casting.  At  the  end  of  this  development  program  Westinghouse  demonstrated 
an  ability  to  pour  pure-tungsteu  castings  weighing  between  SO  and  65  pounds  with  a  grain 
size  of  approximately  0.  0625  inch  in  diameter,  20  per  cent  smaller  than  the  grains  in 
arc-cast  ingots. 

The  Wah  Chang  Corporation,  working  under  a  Navy  contract,  1^0)  investigated 
skull  melting  followed  by  centrifugal  casting  as  a  means  of  preparing  large-diameter 
thin-wall  blanks  of  tungsten  for  subsequent  point  deformation  to  yield  wide  jheet  mate¬ 
rial.  They  were  successful  in  preparing  6-inch-diameter  rings  with  a  wall  thickness  of 
0.  200  inch.  This  process  seamed  to  have  the  advantage  of  improved  purity  in  conjunc¬ 
tion  with  a  relatively  small  cast  grain  size,  effected  by  rapid  cooling  in  the  thin  section. 
However,  one  of  the  blanks  displayed  severe  intergranular  failure  during  subsequent 
flow  turning  at  1900  F. 


Vapor  Deposition 


Vapor  deposition  of  tungsten  is  most  common  in  the  direct  preparation  of  tungsten- 
lined  graphite  rocket-nozzle  inserts;  it  also  Qualifies  as  a  consolidation  process.  Four 
organizations.  National  3ureau  of  Standards”^,  Bureau  of  Mines  (Rolla,  Mo. )^17), 
Battelle  Memorial  Institute'^' ,  and  High  Temperature  Materials^),  have  studied  the 
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vapor-deposition  process  under  Navy  contracts.  The  reactant  gases  used  in  all  pro¬ 
grams  were  WFg  anc  which  yielded  a  fine-grained  columnar  deposit  of  tungsten 
with  its  growth  axi-  perpendicular  to  the  graphite  substrate.  In  general,  high-purity 
deposits,  100  per  cent  dense,  were  obtained  with  total  interstitial  and  metallic  im¬ 
purities  below  50  ppm  and  100  ppm,  respectively.  Of  further  interest  were  micro¬ 
hardness  studies  of  the  vapor -deposited  tungsten  which  indicated  an  average  value  of 
500  Knoop  (corresponding  to  395  Vickers)  and  an  inverse  relationship  between  grain 
size  and  hardness,  .Specifically,  with  respect  to  the  deposition  process,  the  Bureau  of 
Standards  found  that  the  presence  of  HF  gas  accelerated  the  rate  of  deposition  and  that 
deposits  with  grain  sizes  of  10“5cm  could  be  obtained  with  low  ratios  (2  to  1  or  less)  of 
H2  to  WFg. 


PRIMARY  AND  SECONDARY  WORKING 


Extrusion 


The  research  and  development  programs  concerned  with  tungsten  extrusion  are 
directed  primarily  toward  establishing  the  optimum  parameters  required  to  break  down 
as-cast  ingot  structures.  The  merits  for  ingot  breakdown  of  both  high-energy 'rate 
Dynapak  machines  and  conventional  high-speed  presses  are  being  investigated.  One 
other  program,  currently  in  progress,  has  as  its  objective  the  extrusion  of  a  structural 
shape  with  a  tee  cross  section. 

Conventional  high-speed  extrusion  (5  to  25  inches  per  second)  is  being  investigated 
by  the  Wah  Chang  Cor porat.'on^®).  Climax  Molybdenum  Company^),  Thompson  Ramo 
Wooldridge  Univeissl  Cyclops  Steel  Corporation^',  and  the  Crucible  Steel 

Company'"^*  However,  only  Wah  Chang  is  devoting  its  eruhe  effort  to  optimizing 
the  extrusion  process  for  as-cast  tungsten  ingots. 

Wah  Changes)  has  selected  the  W-3Mo  alloy  for  their  Air  Force-sponsored  ex¬ 
trusion  program  because  its  as-cast  gra.n  size,  which  is  smaller  than  that  of  unalloyed 
tungsten,  favors  fabricability.  The  measure  of  satisfactory  accomplishment  in  this 
program  will  be  the  production  of  extrusions  10  feet  in  length  with  tee  cross  sections 
that  can  be  circumscribed  in  a  2-inch-diameter  circle.  The  flange  width  shall  be  two 
times  the  stem  length.  Also,  the  flange  and  stem  shall  have  a  thickness  of 
0,  25  ±  0.  1  inch  and  a  surface  finish  of  150  rms  or  smoother. 

The  Allegheny  Ludlum  Steel  Corporation  is  conducting  the  extrusion  work  for 
Wah  Chang.  The  approach  being  followed  is  to  first  establish  the  parameters  for  ex¬ 
truding  short  rounds  using  reduction  ratios  between  11  to  1  and  17  .0  1.  Thus  far,  five 
billets,  each  3.5  inches  in  diameter  by  5  inches  long,  have  been  extruded  using  zUco..ia* 
faced  dies.  Extrusion  temperatures  ranged  between  3200  to  4000  F,  with  corresponding 
maximum  press  pressures  of  181,000  to  197,000  psi.  Prior  to  extrusion,  each  billet 
was  given  either  a  1-incb  -adius  or  a  )  10-degree  conical  nose.  Ultimately,  Wah  CK-e 
will  examine  the  extrudabll.ty  of  wrought  billets  prepared  by  forging  arc -east  ingot*  and 
the  re -extrusion  of  8-inch-diameter  ingot  material  given  a  prior  reduction  of  3  to  1. 
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Areas  of  technology  to  be  optimized  in  this  program  include 

(1)  Extrusion  temperature,  pressure,  and  speed 

(2)  Billet  lubrication 

(3)  Die  materials,  configurations,  and  coatings. 

In  a  combined  extrusion  and  alloy  development  program,  the  Climax  Molybdenum 
Company^)  studied  the  extrudability  of  five  arc-cast  W-Mo-C,  W-C,  and  W-Zr-C 
alloys.  All  of  the  extrusion  work  was  conducted  on  the  high-speed  press  available  in 
the  High  Temperature  Metals  Fabricating  Facility  at  the  Aeronautical  Systems  Division, 
Wright-Patterson  Air  Force  Base.  Billets  3  inches  in  diameter  by  6  inches  long  were 
extruded  to  rounds  using  reduction  ratios  between  3  to  1  and  6  to  1  at  temperatures  be¬ 
tween  2000  and  3600  F.  Both  Al203~faced  dies  and  unfaccd  dies  were  used.  There 
was  less  resistance  to  extrusion  and  a  greater  per  cent  recovery  with  the  Al2>C>3-coaicd 
dies  than  with  the  uncoated  dies.  Among  the  results  of  this  program  was  the  calc '  ion 
of  extrusion  constants  for  each  alloy  over  a  broad  range  of  extrusion  temperatures. 

From  this  work  it  was  shown  that  the  following  list  of  the  five  alloys  corresponded  to 
the  order  of  increasing  resistance  to  extrusion  at  3000  F:  W-0. 01C,  W-lOMo-0.  01C, 
W-50Mo-0. 01C,  W-30Mo-0.  01C,  and  W-0.  IZr-O.  01C.  Generally,  recoveries  between 
50  and  80  per  cent  were  obtained  for  the  W-C  and  W-Mo  alloys  while  no  sound  material 
was  obtained  from  the  W-Zr  composition. 

The  TAPCO  Division  of  Thompson  Ramo  Wooldridge^)  has  optimized  the  ex¬ 
trusion  of  3-inch-diameter  ingots  of  W-15Mo  at  a  5.  5  to  1  reduction  ratio.  The  objective 
of  this  work  was  to  develop  an  extrusion  process  whereby  round  lengths  could  be  pre¬ 
pared  reproducibly  to  serve  as  primary  working  billets  in  their  Air  Force-sponsored 
forging  program.  Excessive  and  erratic  die  wash,  while  extruding  at  temperatures 
between  3600  and  4000  F,  was  the  major  difficulty  encountered  in  this  work.  TAPCO 
feels  that  the  success  of  a  high -temperature  extrusion  operation  depends  on  effectively 
Insulating  the  steel  die  from  the  hot  billet  through  the  application  of  die  coatings.  Work¬ 
ing  from  this  premise,  coatings  of  both  Al^O^  and  ZrC>2  were  studied,  with  the  results 
indicating  ZrO£  to  be  most  effective.  For  example,  the  die  wash  v»as  minimized  to 
0.015  inch  while  producing  a  1.  5-inch-diameter  extrusion  30  inches  long. 

Furthermore,  TAPCO  found  that  extrusion  constants  for  identical  alloy  ingot 
compositions  were  a  function  of  melting  practice.  This  conclusion  was  drawn  as  con¬ 
sistently  different,  and  therefore,  characteristic,  extrusion  constants  were  obtained 
while  extruding  material  from  three  independent  vendors. 

Additional  tungsten  and  tungsten-base  alloy  extrusion  is  also  being  conducted  by 
the  Universal  Cyclops  Steei  Corporation^?)  and  the  Crucible  Steel  Company^,  70) f 
as  the  preliminary  ingot-conversion  step  in  their  respective  sheet-rolling  and  alloy- 
development  programs.  Both  contractors  have  demonstrated  the  feasibility  of  extruding 
as-cast  ingots  to  sheet-bar  configurations,  i.  e.  ,  rectangular  cross  sections.  Crucibk 
Steel  is  converting  1.5-inch-diameter  ingots  to  0.5  by  0.  7-l*.ch  cross  sections,  while 
Universal  Cyclops  ha6  extruded  0,  6  by  2-inch  cross  sections  from  3-inch-diameter 
billets. 
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The  Westinghouse  Electric  Corporation^2®^,  NASA^2),  and  the  California 
Institute  of  Technology^2*)  studied  the  feasibility  of  applying  the  high-cnergy-rate 
Dynapak  extrusion  process  to  unalloyed  tungsten  and  tungsten-base  alloys.  In  this  won 
NASA^*2)  antj  ci<i>(21)  partially  extruded  1 -inch-diameter  powder-metallurgy  billets  and 
arc-cast  ingots  of  unalloyed  tungsten.  Reduction  ratios  up  to  45  to  1  and  temperatures 
up  to  3800  F  were  used  with  the  results  indicating  less  resistance  to  extrusion  for  the 
arc-cast  ingots  than  for  the  powder-metallurgy  billets.  Both  investigators  used  Model 
1200  Dynapak  machines. 

The  Westinghouss  Electric  Corporation^2®),  in  research  to  compare  the  high- 
energy-rate  and  press-extrusion  processes,  partially  extruded  three  arc-cast  ingots 
of  W-0. 57Cb,  each  3  inches  in  diameter  by  4  Inches  long.  Using  a  reduction  ratio  of 
4  to  1  in  conjunction  with  a  constant  "fire  pressure",  extrusion  lengths  were  found  to  be 
a  direct  function  of  the  billet  temperature,  which  ranged  between  3200  and  3900  F,  From 
this  work,  the  following  conclusions  were  drawn  with  respect  to  the  Dynapak  process  in 
comparison  with  conventional  high-speed  press  extrusion: 

(1)  The  surface  of  Dynapak-cxtruded  bars  is  significantly  inpiovcd  over 
press-extruded  bars  when  limited  but  similar  lubricating  techniques 
are  used. 

(2)  The  billet  temperature  at  extrusion  required  for  true  hot  working  is 
lower  for  the  Dynapak  process  thar.  for  press  extrusion.  (Considerable 
adiabatic  heating  of  the  billet  probably  occurs  during  extrusion  with  the 
Dynapak. ) 

(3)  The  recrystallization  temperature  of  Dynapak-extruded  material  is 
lower  than  that  of  material  which  is  press  extruded  at  the  same 
temperature. 

(4)  There  is  a  severe  limitation  on  the  amount  of  metal  that  can  be 
extruded  by  the  Dynapak  process. 


Forging 


At  least  four  forging-development  programs  for  tungsten  and  tungsten-baee  alloys 
are  currently  in  progress.  Two  of  the  four  are  being  conducted  by  Thompson  Ramo 
Wooldridge  Inc.  under  separate  contracts  from  the  Air  Force^22)  and  Navyl2*)  whiie 
the  third  and  fourth,  also  funded  by  the  Navy,  are  employing  the  independent  efforts  of 
Ladish'2  '  and  Steel  Improvement  and  Forge'2**'  Company.  DM1C  has  no  technical 
progress  reports  from  any  of  the  Navy  programs,  therefore,  this  review  is  limited  to 
forging  developments  to  date  under  Air  Force  Contract  AF  33{600)-4l629  by  Thompson 
Ramo  Wooldridge  Inc.  In  this  connection,  it  is  further  recognized  that  considerable 
tungsten  forging  is  also  being  conducted  under  subcontracts  or  directly  on  purchase 
orders  from  prime  contractors.  Generally,  such  work  has  been  directed  toward  the 
production  of  throat  and  nozzle  .nserts  for  solid-fuel  rocket  motors.  However,  most 
of  the  forging  development  coming  from  these  efforts  are  also  restricted  from  this  re¬ 
view  as  they  are  reported  in  classified  documents  issued  pc  riodically  by  the  prime 
contractors. 
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In  their  Aiv  Force -sponsored  work^2*-  the  TAPGO  Division  p£  Thompson  Ramo 
Wooldridge  Inc,  has  demonat rated ;the  feasibility  of. forging  a  complex  thin-section 
ieadingredge  support  configuration  from  a  1.25-inch-diameter  arenas*,  a ad  extruded 
billet  of  the  W-t5Ma  alloy.  Each  forgi&g  weighs  approximately  3  pounds  and  was 
specially  designed  so  aa  to  present  difficulties  as  severe  as  can  presently  be  anticipated 
for  structural  tungsten-alloy  forgings. 

Prior  ts>: forging,  each  extruded  billet  was  completely  rscrystalliaed  by  annealing 
for  1  hour  at,  3500  F.  Forging  was  then  accomplished  at  2150  ,F  in  three  steps,  pre- 
block,  blockdown,  and,  coin,  to  yield  a  sound  product  with  minimum  material  loss  and 
excellent  surface  finish,  Immediately  following  the  coining  step,  each  forging  was 
stress  relieved  fpr  30  minutes  at  2150  F  and  then  buried  in  silica  sand  for  slow  cooling, 
later,  another  stress -relief  anneal  ©f  1  hour  at  240ft  to  2S00  F  was  also  applied. 


Foiling; 


Separate  hit  Forces  and  Navy-sponsored  sheet-rolling  programs  are  being  con¬ 
ducted  to  develop  the  rnaeufaciur  mg  methods  and  technology  required  for  the  production 
of  defect -fre?,  highly  form  able  unalloyed  tungsten  sheet  material.  The  Fanstecl 
Metallurgical  Corporation  was  selected  to  conduct  the  Navy*  s  program^)  while  the 
Universal  Cyclops  Steel  Corporation  is  fulfilling  the  Air  Force  contract.  (^7) 

Fanstecl’ »t26}  work,  m  which  they  applied  the  powder-metallurgical  approach,  is 
currently  complete.  The  final  objectives  of  this  program  were  to  roll  0.  250,  0.  100, 
0.060,  0.020,  and  ft.01**in«iv»thlck  plate  and  sheet  in  fiat  sizes  up  to  18  by  48  inches 
with  89  to  98  per  cent  sold  work. 

To  obtain  the  required  dimensions,  Fansteei  sintered  1  by  6  by  13-inch  hydro¬ 
statically  compacted  billets  at  temperatures  up  to  4262  F  (2350  C)  to  obtain  densities 
ranging  between  93  and  95  per  cent  of  theoretical.  Using  reductions  of  20  to  25  per  cent 
per  pass,  rolling  temperatures  began  at.  2642  F  (1450  C)  and  finished  as  low  as  2012  F 
(1100  C),  Sheet,  evaluation  included  dimensional  and  ultrasonic  inspection,  chemical 
analysis,  recovery  and  reui ^.Utilisation  behavior,  and  the  determination  of  selected 
mechanical  properties,  including  bund  ductility  and  notched  and  unnotched  tensile 
properties. 

From  prior  experimental  rolling  studies  and  property  evaluations,  Fansteei  found 
that  the  lowest  transition  temperature  was  obtained  from  sheet  wnich  received  a  minimum 
of  92  to  95  per  cent  reduction  during  rolling  with  no  in-process  recrystallization  anneal',. 
Furthermore,  both  the  proper  combination  of  time  and  temperature  to  accomplish 
stress-relief  annealing  and  the  proper  balance  of  deformation  between  roiling  directions 
(cross  rolling)  were  also  found  to  have  a  significant  influence  on  the  transition  tempera* 
tupc.  Specifically,  a  1  to  l  ratio  lot  croso  rolling,  in  conjunction  with  a  10-minute 
stress-relief  anr.cai  at  2282  F  (1250  C)  gave  a  3T  bend  transition  tempr  rature  of  10U  F, 
This  was  the  lowest  transition  temperature  obtained  by  Fansteei,  and  corresponding 
values  for  straight-rolled  sheet  annealed  according  to  a  similar  procedure  *n.  ma.I, 

200  F  higher.  In  their  production  lots  of  large-sire  sheets,  Faneteel  used  tin  1  r,  1 
cross-rolling  ratio  and  a  5-mmute  stress-relief  anneal  at  2057  F  (1125  C)  to  obtain 
transition  temperatures  ranging  between  289  ^nd  180  F  for  tlv,  longitudinal  dint  tier, 
and  400  and  280  F  in  the  transverse  direction. 
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The  Universal  Cyclops  Steel  Corporation^)  is  vacuum  arc  melting  pressed-and- 
sintered  electrodes  to  obtain  arc-cast  ingots  o£  unalloyed  tungsten.  The  end  objective  of 
this  program  is  to  roll  twenty  36by96-inch  oheets  in  thicknesses  of  20,  40,  and63mils. 

Sheet  bars  for  initial  rolling  experiments  were  produced  by  either  extruding  and 
forging  3-inch- diameter  arc-cast  billets  to  2  by  0.75-inch  cross  sections  or  by  directly 
extruding  to  a  2  by  0.6-inch  cross  section.  This  material,  both  recrystallized  and  as 
forged  or  as  extruded,  was  then  rolled  to  sheet  at  temperatures  ranging  between  2700  F 
(initial)  and  1900  F  (final).  Evaluation  parameters  included  surface  finish,  rolling  and 
recrystallization  behavior,  lamination  tendency,  bend  ductility,  and  tensile  properties. 
Following  this  evaluation,  it  was  found  that  the  lowest  longitudinal  transition  tempera¬ 
ture  for  a  4T  bend,  200  F,  was  obtained  from  material  stress  relieved  1  hour  at  1700  F 
and  gives  a  minimum  reduction  of  92  per  cent  during  rolling  without  recrystallization. 
Furthermore,  for  sheet  in  this  condition,  stress-relief  annealing  was  limited  to  temper¬ 
atures  below  1900  F  for  a  1-hour  holding  time. 

Working  under  an  AEC  contract,  the  Los  Alamo:  Scientific  Laboratory'^®)  has 
investigated  the  feasibility  of  directly  rolling  tungsten  »heet  from  unalloyed  powder. 
From  this  study,  it  was  found  that  80  to  85  per  cent  dense  sheet,  65  mils  thick  by  2.5 
irch  wide,  could  be  rolled  from  powder J  coarser  than  3  microns.  Subsequent  sintering 
at  3097  F  (1700  C)  gave  strip  90  to  95  per  cent  dense.  Attempts  to  roll  material  thicker 
than  7J  mils  were  unsuccessful  as  the  resultant  sheet  was  severely  laminated. 


Point  .Deformation 


The  Wah  Chang  Corporation  has  been,  most  active  in  the  field  of  point  deformation 
with  end  objectives  to  produce  20-,  40-,  and  63-mil-thick  tungsten  sheet  ranging  in 
width  up  to  36  inches  and  in  length  to  96  inches.  Wah  Chang  is  ""Thing  under  two 
separate  programs  sponsored  by  the  Air  Force  and  the  Navy  to  develop  technology  in 
this  area,  as  follows. 

There  is  no  information  in  DMIC  on  the  Air  Force  program^”)  other  than 
the  initial  state-of-the-art  survey  which  issued  in  January,  1962.  Significantly, 
the  results  of  the  survey  at  that  time  showed  that  extensive  work  had  been  re¬ 
ported  on  the  fabrication  of  tungsten  cones  and  nozzles  by  point  defounation. 
However,  only  the  Solar  Aircraft  Company  and  Pratt  It  Whitney  Aircraft  in¬ 
dicated  experience  with  the  manufacture  of  tungsten  cylinders.  No  organiza¬ 
tion  reported  producing  tungsten  sheet  by  flow  turning.  Generally,  li  was 
concluded  that  flow  turning  offered  numerous  advantages  over  more  conven¬ 
tional  methods  for  the  forming  of  less  ductile  metals.  The  two  techniques 
for  preparation  of  starting  blanks,  which  appeared  most  promising,  and 
were  chosen,  were  (1)  sintering  and  ring  rolling  and  (2)  sintering,  rolling, 
forming,  and  joining. 

Working  under  a  subcontract  for  Wall  Chang^®)  on  the  Navy  program 
the  Pratt  It  Whitney  Aircraft  Company  has  demonstrated  an  ability  to  flow 
turn  four  tungsten  starting  mate.  ials.  (1)  pressed  and  sintered,  (2)  sintered 
and  forged,  (3)  sintered  and  rolled,  and  (4)  arc  cast,  extruded,  and  rolled. 


16 


These  materials  were  all  successfully  reduced  into  90-degree  cones  by 
flow  turning  20  to  25  per  cent.  Conical  forming  was  done  before  attempting 
cylindrical  flow  turning,  mainly  to  evaluate  the  performance  of  the  various 
candidate  materials.  The  lowest  working  temperature,  600  F,  was  for  the 
arc-melted  material  while  the  as-sintered  blanks  required  temperatures  up 
to  1400  F. 

Cylindrical  flow  turning  to  produce  long  cylinders  of  tungsten  3hect 
was  successful  while  using  working  temperatures  ranging  between  1400 
and  1725  F.  Starting  blanks  for  this  work  %vere  prepared  by  forming  and 
welding  1/8-inch-tliick  sintered  and  ..'oiled  sheet  into  cylinder's.  Both 
molybdenum  j»nd  tungsten  filler  metals  were  used  in  joining.  Of  the  two, 
tungsten  was  preferred  as  stronger  joints  with  deeper  weld  penetration 
resulted,  thereby  minimizing  weld  failure  during  the  early  stages  of  flow 
turning. 


Machining 


An  extensive  Air  Force-sponsored  program  concerning  the  machinability  of  un¬ 
alloyed  tungsten,  along  with  other  refractory  metals,  is  ,n  progress  at  Metcut  Research 
Associates,  Inc.^^  This  work  and  a  limited  study  previously  conducted  at  Westing- 
house^15)  as  part  of  a  skull-melting  program,  are  the  only  contracts  on  record  at  DMIC 
dealing  with  the  machinability  of  tungsten  and  tungsten-base  alloys. 

In  the  earlier  work  conducted  at  Westinghouse^1'^,  it  was  found  that  the  machin¬ 
ability  of  arc-cast  W-Mo  alloys  was  generally  poor  when  attempted  with  conventional 
tooling,  and  decreased  with  increasing  tungsten  content.  Rigidity  of  equipment  seemed 
to  be  one  of  the  most  important  prerequisites  to  successful  machining  of  unalloyed 
tungsten.  All  of  the  machining  operations,  which  Inclt  led  turning,  drilling,  and  cawing, 
were  performed  dry.  Experience  indicated  that  tungsi.it  could  be  successfully  turned 
using  the  following  conditions,  cutting  speed,  150  ft  p.v  min,  feed,  9.010  in.  per  rev, 
and  depth  of  cut,  0. 1875  in.  Under  these  conditions,  «.  t,  iol  life  of  3  to  4  cubic  Relies 
of  metal  per  edge  was  obtained  for  Kenametal  Grade  K-  *  i  carbide  inserts.  Standard 
high-speed-steel  drills  used  at  very  slow  speeds  and  high  feed  rates  enabled  drilling. 
Sawing  was  used  extensively  in  this  program  and  was  ,  id  to  be  more  reliable  than 
abrasive  cutting  techniques.  High-speed-steel  blades  w,£ h  four  teeth  per  inch  gave  the 
beat  performance.  Specific  conditions  were  34  strokes  par  min  an’  0,  003  to  0. 005-mch 
depth  of  cut  per  stroke  with  an  800-pound  load. 

Metcut^l)  is  conducting  a  systematic  and  extensive  st  ,dy  of  the  many  variables 
which  influence  the  performance  of  several  machining  pr.o.c.Bea.  Specifically,  a  number 
of  the  variables  being  studied  are  (1)  tool  grade,  (2)  tool  geometry,  (3)  condition  of 
material  to  be  machined,  (4)  cutting  rate,  (5)  feed  rate,  16)  dtpth  of  cut,  (7)  table  spied, 
(8)  down  feed,  (9)  cross  feed,  (10)  wheel  6peed,  (11)  cutt  fluid,  and  (12)  cutting  tem¬ 
perature.  Optimization  among  these  mai.y  variables  on  t..;  la, .is  of  tool  life  at  room 
temperature  yielded  the  following  results  for  unalloyed  prr  sac*.-and-s»ntcred  tungaun 
with  densities  ranging  between  70  to  96  per  cent  of  theoretical. 


Maximum  Ycol  Life  Achieved 


Machining 

Operation 

Tungsten 

Density 

Minutes 

laches  of 
Work  Travel 

Holes 

G-Ratio 

Turning 

70 

25 

X 

X 

X 

90 

11 

X 

X 

X 

93 

20 

X 

X 

X 

Face  milling 

05 

X 

72 

X 

X 

93 

X 

27 

X 

X 

End  milling 

85 

% 

31 

X 

X 

93 

V' 

/'k 

45 

X 

X 

Drilling 

93 

X 

X 

7 

X 

Grinding 

93 

X 

X 

X 

!>.  2 

The  effect  of  workpiece  temperature  was  also  investigated  in  conjunction  with  the 

drilling  experiments. 

These  results  were  significant  and  indicated  that  drill  life  could 

be  extended  from  7  holes  (0. 213-inch  diameter  by  0.500  inch  deep)  at  room  temperature 

to  10  and  27  holes  with  workpiece  Umpcrature  of  400  and  800  F, 

respectively. 

FABRICATION  AND  PERFORMANCE  OF  ROCKET  NOZZLES 


Power  Roll  Forming 


Under  two  programs  funded  by  the  Navy,  the  General  Electric  Company  has 

developed  the  technology  required  t'or  aucceeafully  roll  forming  ‘vngsten  into  thin-wall 
rocket-nozzle  liners.  A  brief  technical  summary  of  each  program  follows. 

The  objective  of  the  first  program^  was  to  develop  a  roll-forming  process 
capable  of  producing  thin-wall  tungsten  rocket-nozzle  liners  for  tiro  Polaris 
A2A  rocket  motor.  The  successful  approach  to  this  manufacturing  problem 
included  four  basic  steps: 

(1)  Power  roll  forming  a  truncated  cone  with  a  30-degree  included 
angle  from  a  0.  240-inch-thick  by  11-incb-  .diameter  tungsten  plate 

(2)  Formation  of  the  nozzle  contour  shape  by  spinning  the  cone  onto 
a  converging-diverging  mandrel 

(3)  Stress-relief  annealing  for  i  hour  at  1900  F 

(4.)  Trimming  the  contoured  cone  and  flanging  the  forward  end  to 
complete  the  nozzle  fabrication. 
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All  of  the  forming  operations  were  carried  out  at  a  temneraturc  of  1800  F. 

This  was  established  as  the  lowest  permissible  forming  temperature,  pro¬ 
vided  that  blanks  of  starting  material  with  suitable  prior  histories  were 
available  for  forming.  In  this  connection,  it  was  found  that  the  prior  metal¬ 
lurgical  history  of  the  starting  material  must  be  carefully  controlled.  The 
best  results  were  obtained  from  material  which  had  been  warm  worked  40 
to  70  per  cent,  had  a  smooth  surface  finish,  and  was  subsequently  recrys¬ 
tallized  to  a  fine-grain  structure. 

The  Aerojet  General  Corporation  fired  one  of  the  nozzle  liners  produced 
by  the  above  procedure.  After  10  to  11  seconds  at  6200  F  and  625  pad  the  liner 
failed  and  ejected.  From  an  evaluation  of  the  debris  it  was  concluded  that 
failure  occurred  because  (1)  the  liner  thickness  (46  mils)  was  insufficient 
and  (2)  a  severe  reaction  occurred  between  the  tungsten  and  its  graphite  backup 
to  form  low-mclling  carbides. 

Further  conclusions  from  this  program  were  that  there  is  apparently 
no  minimum  size  of  part  which  can  be  manufactured  from  unalloyed  tungsten 
by  roll  forming,  although  a  wall  thickness  of  20  mils  ^ems  to  be  the  thinnest 
section  practical. 

The  second  programl^  has  as  its  objective  the  manufacture  of  three 
tungsten  exit  liners  conforming  to  Aerojet-General  (specifications  and  six 
nozzle  inserts  conforming  to  specifications  supplied  by  the  Allegheny 
Ballistics  Laboratory.  The  technology  developed  under  the  program  de¬ 
scribed  above^)  is  being  successfully  applied  to  this  manufacturing  effort. 

To  date,  the  three  exit  liners  for  Ac  rojf: -General  have  been  fabricated  and 
delivered. 


Plasma  Spraying,  and  Vapor  Deposition 


Five  programs,  each  funded  by  the  ?1 avy,  come  under  the  major  heading  of 
"Plasma  Spraying  and  Vapor  Deposit?  Although  novel  in  concept,  an  appraisal  of 
both  the  plasma-spraying  ana  vapvr -deposition  processes  for  the  manufacture  of  rocket- 
nozzle  configurations  is  strongly  justified  w,  the  basis  of  economic  considerations.  The 
main  potential  advantage  of  thapR  procefiset  over  roll-forming  techniques  is  that  they 
offer  a  direct  means  for  the  formation  of  rocket-nozzle  components. 

The  General  Electr'c  Company^)  has  conducted  the  only  program  on  record  at 
DMIC  which  dealt  specifically  with  the  plasma-spray  deposition  of  tungsten  to  form 
rocket  nozzles.  In  this  work,  tungsten  nozzle  inserts,  specified  by  the  Atlantic  Research 
Corporation  (ARC),  were  built  up  by  arc  spraying  either  40-mil  wire  or  m«nus  200-mesh 
powder  on  removable  mandrels.  However,  during  the  time  allotted  to  this  program, 
the  effort  to  develop  a  reliable  method  for  spray  fabricating  tungsten  nozzles  and  exit 
liners  was  not  successful. 

Nozzle  inserts  (84  to  38  per  cent  dense)  prepared  by  both  powder  and  win-  spruyinu 
were  tested  at  ARC  using  an  aluminrzed  solid  propellant  and  chamber  pressures  up  to 
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900  psi.  Neither  type  of  nozzle  performed  satisfactorily  under  these  conditions. 

Severe  errosion  resulted  in  both  cases,  although  the  powder-sprayed  tungsten  per¬ 
formed  somewhat  better  than  the  wire-sprayed  tungsten. 

Markedly  improved  tungsten  deposits  resulted  when  depos-tion  we„i  accomplished 
in  an  inert-atmosphere  chamber.  Nozzles  prepared  in  this  manner  >vere  tested  at  GE 
using  the  liquid-propellant  combination  of  LOX  and  JP-4  and  at  ABC  using  aluminized 
solid  propellants.  The  test  results  from  these  firings  were  inconc*W2dl«9t 

Four  contractors,  High  Temperature  Materials,  Inc.^33),  Bureau  o i  Mines  (Rolla, 
Mo.  National  Bureau  of  Standards^),  an{j  Battelle  Memorial  Instttu have 

studied  the  vapor  deposition  of  tungsten  on  graphite  rocket  nozzles  and  on  it'dincr  in¬ 
serts.  Deposition  in  each  case  was  accomplished  by-the  reduction  of  WFj  by  hydrogen. 

Hardware  commitments  by  High  Temperature  Materials^33*  included  two  firct- 
stage  exit  liners  and  six  second-stage  throat  inserts  for  Polaris  A-3  rocket  motors. 

Also,  four  second-stage  inserts  were  prepared  for  subsequent  testing  at  the  Allegheny 
Ballistics  Laboratory.  As  a  result  of  this  work,  technology  and  facilities  were  developer 
which  were  sufficient  for  the  production,  in  quantity,  of  nozzles  with  uniform,  coatings  of 
vapor-deposited  tungsten  in  thicknesses  up  to  0. 250  inch.  One  of  the  major  obstacles  in 
the  preparation  of  crack-i'ree  nozzles  was  obtaining  a  graphite  mandrel  that  matched  the 
coefficient  of  expansion  of  tungsten.  Missmatch  between  the  two  coefficients  led  to  re¬ 
sidual  stresses  within  the  tungsten  and  subsequent  cracking  during  cooling  to  room 
temperature. 

Additional  mechanical-property  studies  of  vapor-deposited  tungBten  Indicatud  that 
it  compares  favorably  in  strength  with  powder-metallurgy  tungsten.  Also,  the  recrys¬ 
tallization  temperature  of  vapor-deposited  tungsten  was  found  to  be  greater  than  3632  F 
(2000  C). 

Each  of  the  three  remaining  programs  concerning  vapor  deposition  were  admin¬ 
istered  by  the  Special  Projects  Office  of  the  Navy.  Contracting  firms  were  Battelle 
Memorial  Inalitutc^3^,  the  National  Bureau  of  Standards^),  amj  the  Bureau  of  Mines 
(Holla,  Mo.  All  of  the  contractors  studied  the  deposition  of  tungsten  on  graphite 

inserts;  only  the  Bureau  of  Mines  succeeded  in  obtaining  an  adequate  mechanical  bond 
between  the  two  materials.  In  this  work,  ao-coated  tungsten  layers,  with  and  without 
rhenium  barrier  layers  between  them  and  the  graphite,  ranged  between  50  to  100  mils 
in  thickness.  Several  of  the  nozzles  prepared  by  the  Bureau  of  Mines  performed  satis¬ 
factorily  when  tested  at  the  Aerojet  Gef.exal  Corporation  using  aluminized  solid  propellant 
with  flame  temperatures  and  chamber  pressures  up  to  6180  F  and  1000  psi,  respectively. 
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JOINING 


Welding 


The  Hamilton  Standard  Division  of  the  United  Aircraft  Corporation^),  working  with 
unalloyed  tungsten,  demonstrated  the  feasibility  of  producing  sound  crack-free  electron- 
beam  welds  in  thicknesses  up  to  0.  10  inch.  Evaluation  of  welded  coupons  to  determine 
optimum  welding  conditions  included  tensile  testing  at  room  temperature,  2200,  2500, 
and  2800  F  and  bend  testing.  Maximum  weld  strength  and  ductility  were  associated 
with  minimum  fusion  and  heat-affected  zones  in  combination  with  a  small  grain  size  and 
a  smooth  continuous  weld  bead.  At  temperatures  approaching  that  for  rocrystallization, 
weld  strengths  were  equivalent  to  those  of  the  base  metal.  However,  at  room  tempera¬ 
ture  weld  strength  was  only  50  per  cent  of  the  base-metal  strength.  The  transition 
temperature  of  the  best  welds  was  1100  F,  as  compared  to  650  F  for  recrystallizcd 
base  metal.  Undercut  weld  beads  were  initially  a  problem;  this  difficulty  was  eliminated 
by  combining  X-bcam  oscillations  (in  direction  of  bead)  with  extremely  high  welding 
speeds.  For  50-mil  sheet,  the  final  weld  conditions  were  145  kv,  16  ma,  100  ipm,  with 
a  0.065  X-beam  oscillation.  These  conditions  gave  a  very  narrow  fusion  zone  and  nearly 
eliminated  the  heat-affected  zone. 

The  General  Electric  Company,  under  separate  programs  sponsored  by  the  Navy 
and  Air  Force,  has  been  very  active  in  the  field  of  electron-beam  welding.  A  review  of 
the  welding  technology  accumulated  under  each  program  follows. 

The  end  objective  of  the  welding  phase  of  the  program  for  the  Navy(^) 
was  to  dem  mstrate  the  feasibility  of  manufacturing  rocket  nozzles  by  girth 
welding  roll-formed  cones  to  form  the  required  converging-diverging  shape. 

Trial  welding  studios  and  evaluations  were  initially  conducted  on  sheet 
coupons  before  attempting  to  join  roll-formed  cones.  The  results  obtained 
from  the  evaluation*  were  nearly  identical  to  those  subsequently  achieved 
by  Hamilton  Standard,  that  is,  poor  low-temperature  ductility  and  tenstle 
strength.  It  was  concluded  that  although  the  production  of  nozzles  vris 
feasible,  the  extreme  brittleness  and  low  fracture  strength  at  room  tem¬ 
perature  placed  a  serious  limitation  on  the  fabrication  of  nozzles  by  welding. 

As  a  part  cf  the  program  for  the  Air  Force, tho  properties  of 
fusion  welds  produced  in  powder-metallurgy  tungsten  sheet  and  in  electron- 
beam-melted  'mgsten  sheet  were  evaluated.  Welding  was  accomplished  by 
both  TIG  and  electron-beam  techniques.  In  this  connection,  considerable 
porosity  was  noted  in  the  welds  of  powder  metallurgy  tungsten  while  none 
were  observed  in  the  welds  of  the  electron-beam  material.  Depending  on 
the  preparation  technique  applied  to  the  as -welded  coupons  (anneal  and/or 
polish),  the  zero-ductility  transition  temperature  varied  between  356  and 
482  F  (190  and  250  C). 

In  an  effort  to  improve  the  low -temperature  ductility  oi  tv.»g^ten 
through  alloying,  a  series  of  10  binary  and  ternary  alloys  containing  dilute 
addition',  of  rhenk.n,  tantalum,  zirconium,  hafnium,  ytlr.uui,  thorium,  and 
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carbon  were  electron-beam  melted  and  rolled  to  sheet.  The  transition 
temperature  of  each  alloy,  both  recrystallized  and  as  welded,  was  then 
determined  by  bend  testing.  From  this  work,  it  was  found  that  the  weld- 
mentr  in  the  alloys  exhibited  bend  ductilities  equivalent  to  those  observed  in 
rccrystallized  nonwtlded  samples  of  the  same  material.  The  lowest  tran¬ 
sition  temperature,  302  F  (150  C),  was  obtained  with  the  composition 
W-0.97Hf~0.033C. 

Aeroprojects  is  currently  investigating  the  development  of  technology  and  equip¬ 
ment  for  the  ultrasonic  welding  of  tungsten  sheet  under  respective  Navy(37)  and  Air 
Forced®)  Cont  acta.  To  date,  under  the  Navy  program^',  the  conditions  for  ac¬ 
complishing  tungsten-tungsten  joints  have  been  established  using  5-mil-thick  sheet. 
However,  subsequent  testing  and  examination  of  coupons  welded  at  an  acoustical  power 
input  of  1600  watts  revealed  severe  cracking  in  the  weld-zone  areas,  in  conjunction 
with  poor  tensile-shear-strength  properties.  The  technical  plan  for  the  Air  Force- 
sponsored  program^®®)  has  three  phases.  Under  Phase  I,  the  feasibility  of  producing 
ultrasonic  welds  in  combinations  of  tungsten  with  other  refractory  materials  and  super- 
alloys  v/as  demonstrated.  Phage  II,  currently  in  progress,  has  as  its  objective  the 
development  of  equipment  and  techniques  to  join  thicknesses  of  tungsten  up  to  0. 10  inches. 
Theoretical  estimates  indicate  that  electrical  power  inputs  of  approximately  25  kw  to  the 
transducer  assembly  may  be  required  to  fulfill  this  objective.  The  performance  char¬ 
acteristics  of  the  welding  equipment  developed  under  Phase  II  will  be  evaluated  in 
Phase  III. 


Brazing  and  Bonding 


Considerable  effort,  under  four  Government  contracts,  has  been  devoted  to  the 
development  of  low-temperature  brazing  alloys  for  high -temperature  service.  Although 
the  alloy  systems  being  studied  in  each  program  differ,  nearly  identical  approaches  in 
each  are  being  fo.-owed  with  respect  to  the  evaluation  and  testing  techniques  employed. 
Separate  discussions  of  the  four  programs  are  presented  as  follows. 

In  work  cone  acted  for  the  Army  at  the  Massachusetts  Institute  of 
Technology^)  the  concepts  of  activated  sintering  developed  under  previous 
projectsw>6)  Were  applied  to  the  joining  of  5-mll-thick  tungsten  strip.  High- 
quality  lap  (single  and  double)  joints  were  accomplished  by  initially  electro¬ 
plating  10"5  to  10”6-lnch  layers  of  nickel  or  palladium  on  the  surfaces  to  be 
joined  and  then  diffusion  bonding  the  clamped  assembly  for  short  periods  of 
time  in  the  temperature  range  832  to  2012  F  (1000  to  1100  C),  All  of  the 
resultant  joints  were  brittle  in  bending  and  tension  at  room  temperature, 
but  remained  sound  with  a  load-carrying  capacity  U  temperatures  up  to 
4000  F  (2200  C).  Extensive  recrystallisation  occurred  in  the  tungsten 
adjacent  to  the  bonding  interface  in  each  sample  and  it  was  concluded 
from  theoretical  considerations  that  grain  growth  would  inevitably  accompany 
any  transport  process  which  permits  tungsten  to  bond  to  itself. 

The  Solar  Aircraft  Company^®^  recently  completed  work  on  a  program 
for  the  Navy  with  the  intended  objective  of  developing  low-temperature  (below 
that  for  tungsten  rec.rystallization)  brazing  alloys  for  high-temperature  ser¬ 
vice  from  the  reactive  Pt-B  system.  The  maximum  remelt -temperature 
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capability  of  this  system  is  4460  F,  corresponding  to  a  peritectic  reaction 
in  the  W-Pt  system.  Braze-alloy  compositions  from  Pt-IB  to  Pt-4.  5B 
were  evaluated  for  remelt  temperatures  after  resistance  brazing  for  5 
seconds  at  2000  F  and  then  diffusion  heat  treating  for  various  time- 
temperature  combinations.  The  highest  remelt  temperatures  obtained 
were  between  3800  and  3900  F.  Subsequent  metal lographic  examination 
of  the  brazed  joints  revealed  that  the  remelt  temperature  was  limited  by 
the  presence  of  W2B  (melting  point  -  3450  F).  No  recrystallization  was 
noted  in  the  base  metal.  Further  work  attempted  to  eliminate  or  minimize 
the  formation  of  W2B  through  the  addition  of  halide  salts  to  the  initial  braze- 
alloy  mixture.  Boron  halides  arc  volatile;  therefore,  it  was  thought  but  not 
proven  that  the  boron  concentration  could  be  reduced  through  volatilization 
with  a  corresponding  increase  in  the  remelt  temperature  from  3800  to  4200  F. 

Under  an  Army  contract  currently  in  progress  at  Aerojet  General 
Corporation^4!),  three  groups  of  braze  alloys  have  been  selected  for  study, 
as  follows: 

(1)  Pure  metals  or  combinations  of  them 

(2)  Binary  chromium  alloys 

(3)  Commercially  available  brazing  alloys. 

Initially,  11  alloys  wero  chosen  which  included  aluminum,  72T1-28NI,  LM 
Nicrobraze,  Coast  Metals  62,  GE  J8100,  Premabraze  101,  50Ti-50Ni, 
40Ti-40Ni-20Cr,  25Ti-50Ni-25Cr,  5QCr~50Ni,  38Cr-62Pd.  Lap-joint 
assemblies  of  unalloyed  tungsten  and  each  alloy  were  brazed  for  5  minutes 
at  temperatures  ranging  from  1320  to  2700  F.  All  of  the  alloys  except 
aluminum  and  the  Ti-Ni-Cr  combinations  gave  good  joints.  After  brazing, 
the  lap  joints  were  diffused  for  2  to  19  hours  at  temperatures  between  1950 
and  2250  F.  In  each  instance,  the  diffusion  heat  treatments  were  insufficient 
to  produce  reorystallization  in  the  base  metal,  however,  subsequent  metal - 
lographic  examination  revealed  extensive  recrystallization  in  the  tungsten 
adjacent  to  the  braze  alloy.  Evaluation  of  the  brazed  joints  included  remelt 
testing  on  single-lap  joints  and  shear-strength  testing  on  double-lap  speci¬ 
mens.  The  highest  remelt  temperatures,  approximately  4500  F,  were  con¬ 
sistently  obtained  for  Coast  Metals  62,  GE  J8100  and  LM  Nicrobraze  using 
an  induction-heating  technique.  Final  evaluation  included  the  fabrication  of 
a  segmented  standard  (MERM)  rocket  nozzle  by  brazing  stacks  of  60-mil- 
thick  tungsten  washers  into  the  required  nozzle  configuration.  Only  the 
three  braze  alloys  showing  the  highest  remelt  temperatures  were  employed 
for  tins  final  test.  Only  the  nozzle  brazed  with  Coast  Metals  62  performed 
satisfactorily  during  a  60-sccond  test  fire  at  4900  F  and  750  psi. 

Further  work  was  conducted  with  Coast  Metals  62  and  a  re-evaluation 
of  the  remelt  temperature  indicated  a  value  of  only  400. 1  F.  For  this  work  an 
oxyacetylenc-flamc  heat  Bourcc  was  used  for  a  dose  simulation  of  nozzle  br¬ 
ing  conditions.  At  present,  4000  F  is  considered  to  be  an  unsatisfactory 
remelt  temperature  for  tungsten-to-tungsten  joints .  therefore,  other  braze 
alloys  with  potent* ul  for  increased  remelt  temperatures  art  being  studied. 
These  include  50Cr-5QNi,  62Pd-38Cr,  and  nickel. 
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Work  at  the  General  Electric  Corporation^®®)  for  the  Air  Force  includes 
the  development  of  brazing  materials  for  columbium-base  alloys  as  well  as 
unalloyed  tungsten.  With  respect  to  unalloyed  tungsten,  the  objective  is  to 
develop  braze  alloys  with  brazing  temperatures  near  3000  F  with  remelt 
temperatures  greater  than  3500  F.  Eight  columbium-  and  tantalum -base 
ternary  compositions  potentially  capable  of  fulfilling  the  objectives  of  this 
program  have  been  selected  for  study.  Each  of  these  alloys  consists  of  two 
or  more  metals,  compatible  with  tungsten  to  some  extent,  plus  a  melting- 
temperature  depressant  such  as  silicon  or  boron.  The  initial  brazing 
studies  conducted  to  date  have  been  confined  to  the  binary  compositions 
80Cb~20Ti  and  Cb-2.  2B.  Both  of  these  alloys  increased  the  bend  transition 
temperature  in  the  vicinity  of  the  joint  to  a  point  50  to  100  F  above  that  of 
the  recrystallized  base  metal,  which  was  600  F. 


OXIDATION  AND  OTHER  HIGH-TEMPERATURE  REACTIONS 


The  current  and  projected  uses  for  tungsten  in  rocket  and  spacecraft  applications 
at  ultrahigh  temperatures  has  presented  numerous  problems.  The  most  difficult  prob¬ 
lem  is  oxidation  resistance,  but  others  include  erosion  and  corrosion  in  rocket-nozzle 
exhaust  atmospheres  and  melting  reactions  when  tungsten  is  in  contact  )vith  other  re¬ 
fractory  materials. 


Oxidation 


Westinghouse^)  has  conducted  a  fundamental  study  of  t*<e  oxidation  of  tungsten 
and  its  alloys  involving  oxidation  kinetics,  thermodynamic  meat.,.:  ments  of  the  tungsten- 
oxygen  system,  and  crystal-structure  studies.  Oxidation  kinetics  were  studied  by  ex¬ 
posing  tungsten  at  932  to  3092  F  (500  to  1700  C)  in  an  atmosphere  of  oxygen  at  1  x  10”* 
to  1  x  10“3  mm  of  mercury.  It  v,  as  found  that  oxidation  was  diffusion  controlled  below 
1112  F  (600  C).  Cracked  surface  oxide  resulted  in  an  inconaisi^n  'it  of  oxidation  data 
to  the  parabolic  rate  law  between  1202  and  1742  F  \650  and  950  C).  Above  2192  F 
(1200  C)  and  at  a  pressure  cr  lees  than  i  x  20'^  in  an  atmosphere  of  oxygen,  the  oxide 
vaporized  as  fast  as  it  formed.  Oxidation  between  1472  and  3092  F  (800  and  1700  C) 
was  found  to  be  independent  of  the  o?>ide  evaporation  rate  and  to  be  linear,  resulting  in 
either  no  protection  or  the  formation  of  a  very  thin  barrier  layer.  A  strongly  adherent 
purple  scale  formed  on  the  substrate,  but  kinetic  data  revealed  it  tv  be  nonprotective. 
Alloying  tungsten  with  tantalum  improved  the  oxidation  resistance.  W-lOTa  and 
W-25Ta  oxidized  at  a  rate  40  per  cent  that  of  unalloyed  tungsten,  while  u*e  oxidation 
rate  of  W-50Ta  appeared  to  be  about  10  per  cent  of  that  for  tungsten. 

The  heat  of  formation  and  free  energy  of  formation  were  determined  for  WO£, 
^18049*  W20C>58>  and  WO3,  and  valucu  were  compared  with  those  from  other 
investigators. 
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The  Ohio  State  University^4^  recently  completed  a  3- year  investigation  of  the 
oxidation  behavior  of  tungsten.  Thermodynamics,  kinetics.,  and  oxide  volati'ity  were 
studied.  Experimental  chemical-equilibria  data  were  used  to  calculate  heat  and  fret- 
energy  values  and  to  establish  the  stability  of  the  various  oxide  apecies.  A  proposed 
W-O  phase  diagram  shov's  the  phases  W3O  (from  another  investigator),  WO2,  Wl8^49> 
W 20058*  and  V/O3.  The  upper  temperature  at  which  W3O  is  stable  was  taken  from 
other  work  as  1337  F  (725  C).  W20O58  ant*  ^18^49  were  calculated  to  be  unstable  be¬ 
low  903  and  1085  F  (484  and  585  C),  respectively.  Hence,  the  coexistence  of  WO2  and 
WO3  is  possible  below  904  F  (485  C). 

Oxidation  of  tungsten  at  1256  to  2012  F  (680  to  1100  C)  under  0.05  to  0.21  atmos¬ 
phere  of  oxygen  demonstrated  that  the  mechanism  is  diffusion  of  oxygen  ions  through 
the  scale  to  the  metal-oxide  interface.  Kinetics  initially  followed  the  parabolic  rate 
law,  but  then  changed  to  linear  behavior  with  increased  time.  WO2  was  observed  only 
at  low  temperatures  and  for  very  short  times.  An  intermediate  blue  oxide,  thought  to 
be  W18O49  or  W20O58  grew  to  a  limiting  thickness  of  10  micronB  and  then  decreased 
in  thickness.  The  outer  oxide  region  was  porous  WO3  at  all  temperatures.  Activation 
energies  calculated  from  rate  constant  data  were  35  kcal  in  the  parabolic  range  and 
36.5  kcal  in  »>se  linear  range;  indicating  that  diffusion  through  the  blue  oxide  layer  was 
the  controlling  step  in  both  processes.  Only  WO2  formed  when  tungsten  was  oxidized 
under  1  x  10“*®  atmosphere  of  oxygen.  The  parabolic  rate  constant  for  WO2  growth 
under  these  conditions  appeared  to  be  a  linear  function  of  the  one-fifth  power  of  the 
oxygen  pressure,  which  agrees  with  the  oxidation  mechanism  proposed  for  a  metal- 
deficient  lattice.  The  protection  afforded  by  the  WO2  layer  broke  down  when  WjgO^q 
formed. 

The  study  of  oxide  volatility  revealed  that  the  volatilization  rates  increase  with 
temperature  according  to  an  Arrhenius  plot.  Volatilization  rates  „>£  WO2,  WjgO^, 
and  W20O58  increased  linearly  with  the  partial  pressure  of  water  vapor.  Volatilization 
rates  increased  in  the  following  order  (temperature  and  watcr-vapor-pressure  constant)’ 
(1)  \V02,  (2)  Wl8049,  and  (3)  WO3. 

Lockheed^4)  has  studied  the  oxidation  behavior  of  tungsten  at  2372  to  5432  F 
(1300  to  3000  C)  at  air  pressures  from  1  to  40  mm  of  mercury.  Oxidation  rates  were 
linear  with  time  (at  constant  pressuie),  and  tungsten  oxide  was  found  to  volatilize  as 
rapidly  as  it  formed,  leaving  the  tungsten  surface  bright  and  clean.  An  Arrhenius  rate 
equation  established  the  heat  of  activation  to  be  31,500  calories  per  mole.  The  linear 
rate  constant  K  was  found  to  be  pressure  (p)  dependent  according  to  the  relationship 

K  =  14  p°* 6^, 

indicating  that  the  linear  rate  constant  decreases  with  decreasing  pressure.  Surface- 
recession  measurements  showed  that  a  tungsten  sheet  exposed  at  3200  F  (1760  C)  under 
1  mrr.  air  pressure  for  1  hour  would  suffer  a  reduction  in  thickness  of  12  mils. 

A  sharp  break  occurred  in  plots  of  oxidation  rate  versus  temperature  at  3182  to 
3452  F  (1750  tc*  1900  C)  due  to  dissociation  of  WO3.  The  rate  changed  again  at  4892  F 
(2700  C),  presumably  due  to  volatilization  of  tungsten. 
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The  University  of  California^^  has  studied  the  reaction  kinetics  of  02.  N2,  and 
NO  with  tungsten  at  3050  to  4220  F  (1950  to  2600  K)  under  1  x  10“^  to  1  x  10"°  atmosphere 
of  gas  pressure.  It  was  found  that  the  rate  of  reaction  of  tungsten  with  oxygen  decreases 
witli  increasing  temperatures.  This  is  because  at  a  fixed  pressure  of  02  the  surface 
concentration  of  oxygen  decreases  with  increased  temperature,  due  to  decreased  prob¬ 
ability  of  surface  reaction.  Hence,  the  oxidation  activation  energy  was  dependent  on 
both  pressure  and  temperature.  This  presumably  was  because  surface  oxygen  concen¬ 
tration  was  the  ratc-dct  rmining  step,  which  depended  in  turn  upon  the  02  pressure  and 
the  temperature. 

A  tungsten  filament  was  heated  to  4580  F  (2800  K)  in  1  x  10"^  atmosphere  of 
nitrogen,  with  no  evidence  of  reaction. 


Nitric  oxide  is  known  to  dissociate  to  02  and  N2  at  a  hot  filament.  Other  investi¬ 
gators  have  established  that  the  activation  energies  for  tunsten-oxygen  and  tungsten- 
nitric  oxide  reactions  were  nearly  the  same,  so  it  was  expected  that  NO  dissociation 
was  not  the  rate-controlling  step  in  the  oxidation  process.  The  rate  of  tungsten  oxidation 
by  NO  was  found  to  be  three  times  that  for  the  corresponding  pressure  of  oxygen. 


E rosion  and  Corros ion  in  Nozzle  Environment s 


Tungsten  degradation  under  simulated  solid-propellant  nozzle  conditions  has  been 
studied  by  Stanford  Research  Institute^).  Tungsten  rod  was  positioned  perpendicular 
to  a  high-velociiy-arc  plasma  to  obtain  surface  temperatures  of  5072  to  6062  F  (2800  to 
3350  C)  while  C02  and  A12C>3  were  injected  separately  (different  teat  runs)  into  the 
plasma.  Tungsten  erosion  by  C02  was  primarily  dependent  on  the  C02  flux  incident 
upon  the  tungsten  surface  and  relatively  independent  of  specimen  temperature  and  type 
of  tungsten  (pure  tungsten  or  W-2Th).  llic  principal  erosion  prc2«ct  was  a  yellow 
powder  identified  as  WO3  by  X-ray  diffraction.  Therefore,  the  erosion  mechanism 
was  believed  to  be  formation  and  vaporization  of  the  tungsten  oxide.  The  investigation 
of  tungsten  erosion  by  A12C>3  is  not  yet  completed. 

The  chemical  reactions  between  tungsten  and  some  constituents  found  in  the  ex¬ 
haust  stream  of  solid-propellant  motors  were  also  studied  under  static  conditions  in  the 
temperature  range  from  3632  to  5792  F  (2000  to  3200  C).  The  following  reactions  were 
observed,  listed  in  decreasing  order  of  importance: 

(1)  3H20  tW*  WO3  +  3H2 

(2)  3C02  +  W  -  W03  +  3CO 

(3)  9HG1  +  Al203  +|  W  -  2AICI3  *|W02C12+!  H2 

(4)  Transfer  of  tungsten  throug'  liquid  Al203. 

Experiments  suggested  that  increasing  the  HC1  in  exhaust  gas  would  decrease  tin  ant.uM 
of  alumina  deposited  on  nozzle  and  iotevator  surfaces  by  Equation  (3).  The  combinations 
of  W  +  1IC1,  W  +  CO,  W  +  H2,  W  t  N2,  W  +  A12Oj  *  CO,  W  +  A1  >03  t  H2,  and  W  f  A!20  4 
f  N2  were  virtually  nonreactive.  There  was  no  significant  reaction  between  tungsti  n  and 
liquid  Al203. 
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Atlantic  Research  Corporation^?)  also  has  investigated  the  reactions  between 
tungsten  and  the  hot  combustion  products  of  solid  propellants.  One  series  of  experi¬ 
ments  consisted  of  passing  pure  gas  over  a  tungsten  filament  heated  to  4600  to  5500  F. 
The  principal  conclusions  were 

(1)  H2O  and  CO2  rapidly  oxidize  tungsten.  Increased  partial  pressures  of 
H2  and  CO,  respectively,  decrease  the  oxidation  rate  due  to  decreased 
driving  force. 

(2)  HC1  and  HF  were  essentially  nonreactive. 

Another  experimental  technique  consisted  of  embedding  a  tungsten  wire  in  a  propellant 
strand  and  burning  the  propellant  in  a  combustion  bomb  under  nitrogen  pressures  of  300 
to  1000  psi.  Flame  temperatures  ranged  from.  4700  to  6500  F,  combustion  products 
ranged  from  neutral  to  slightly  oxidizing.  The  test  results  agreed  with  observations  of 
subscalc  rocket  motor  tests,  namely, 

(1)  A  fluorocarbon  (binder)  propellant  did  not  affect  tungsten. 

(2)  Slightly  oxidizing  propellants  resulted  in  tungsten  oxidation. 

(3)  W2C  formed  with  one  particular  propellant  (Arcite  373). 

(4)  Tungsten  melting  occurred  at  the  6500  F  flame  temperature. 


PROTECTIVE  COATINGS 


For  those  applications  wherein  oxidation  or  erosion  re r*. .stance  of  tungsten  is  in¬ 
adequate  it  becomes  necessary  to  apply  a  refractory  coating  to  the  surface  to  obtain  tht 
desited  surface  stability.  The  technology  of  tungsten  coatings  is  not  nearly  so  advanced 
as  for  col-unbium  and  molybdenum,  because  of  the  difference  in  emphasis  placed  on  these 
materials  for  structural  applications  where  coatings  are  necessary. 

General  Telephone^®)  is  analyzing  the  basic  factors  involved  in  oxidation  protection 
of  tungsten  to  establish  criteria  for  coatings  for  service  above  3300  F,  Silicide  costings 
were  found  to  be  limited  to  temperatures  below  3600  F  by  the  following  factors. 

(1)  Melting  of  the  W^Si^-WSi^  eutectic  seems  to  cause  failure  at  about 
3450  F. 

(2)  The  calculated  evaporation  rate  of  the  protective  S1O2  oxide  is  quite 
high  at  3600  F  (about  1  g  per  sq  cm  per  hr). 

(3)  The  Si  +  SiO^  •*  2SiO  (gas)  reaction  could  account  for  significant 
coating  loss  at  3600  F. 

It  was  concluded  that  new  types  of  coatings  based  on  higher  melting  refractory  o.cidi  a  ah 
necessary.  TJ1O2,  HfO^,  UCK,  and  ZrO^  are  thf*  most  suitable  in  terms  of  rvfracturuv  .  *. 


and  stability.  The  problem  of  producing  such  an  oxide  in  situ  on  tungsten  substrate  is 
being  studied  as  the  next  step  in  the  research  program. 

New  York  University^)  established  the  feasibility  of  protecting  tungsten  from 
oxidation  with  silicide  coatings  applied  by  pack  cementation.  The  major  coating  phase 
was  identified  as  WSi-,.  The  coating  provided  oxidation  protection  at  3300  F  for  times 
up  to  10  hours.  The  "disilicide  pest",  which  is  an  anomalous  mechanism  causing  re¬ 
duced  coating  life  at  lower  temperatures,  resulted  in  coating  lives  of  only  5  to  15  hours 
at  1200  to  2300  F. 

Siliclde-base  coatings  arc  also  being  studied  under  Air  Force  sponsorship  at 
Thompson  Ramo  Wooldridge^®).  The  coatings  are  applied  by  one  or  more  pack- 
cementation  cycles  to  incorporate  desired  modifiers,  and  they  usually  are  given  a  final 
controlled  preoxidation  treatment  in  wet  hydrogen.  Titanium,  zirconium,  and  boron 
appear  to  improve  coating  performance.  Codeposition  of  tungsten  plus  silicon  has  been 
found  superior  to  simple  silicon  deposition.  Coating  lives  of  the  most  promising  coat¬ 
ings  in  furnace -oxidation  tests  are  summarized  in  Table  1  below.  The  problem  of 
anomalous  failure  at  lower  temperatures  (1800  F)  still  remains  to  be  solved  for  these 
coatings.  The  estimated  maximum  service  temperature  of  3650  F  for  TRW  coatings  is 
consistent  with  the  3600  F  maximum  predicted  by  Goneral  Telephone  for  all  silicide*- 
base  coatings. 


TABLE  1,  CYCLIC-FURNACE-OXIDATION  LIVES  OF  TRW 
TUNGSTEN-COATING  SYSTEMS 


Coating  System 

Protective  Ltlc^a),  hours 

1800  F 

2500  F 

3000  F 

3300  F 

i-t0  F 

3600  F 

Siliconib) 

- 

22 

16 

0.2 

M 

- 

(Si-W)-O 

15  -  25 

40  -  50 

27  -  47 

o 

1 

m 

1-8 

1 

Ti-Zr-(Si~W)-0 

2-20 

36 

35  -  72 

14  -  26 

2-5 

1 

Ti-(Zr-BMSi~W)-0 

- 

- 

34 

16 

- 

* 

(i)  v-ah>>er'*  ‘•ytlnf  belwtv-/ 

1  irjk.ttd 

,..r31'Je  *'  S  1.-' 

II  SI  n-lcml;. 

(b)  h  r  onptmni. 

Value  Engineering^'*)  has  investigated  elect rodeposi ted  chromium-base  cermet 
coatings  for  tungsten,  and  identified  ZrB£  tnd  ZrC>2  as  two  o<  the  most  promising  addi¬ 
tives.  Thirty  minutes  of  protection  was  achieved  in  «>;y  at  et  ylene  -  torch  tests  at  3900  F. 

Manufacturing  Laboratories ,  Inc,^),  has  investigated  diffusion  barri*  rs  for 
tungsten  under  an  Air  Force  contract.  The  purpose  bus  been  to  develop  a  diffusion 
barrier  for  thr  interface  between  tur.gsf*  n  and  an  oxidation-resistant  coating  to  .  limmat- 
the  potential  problem  of  deterioration  of  substitute  >j  co-tinc.  prop*  i in--  by  diltu w«-n. 
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Tungsten-barrier  and  barrier-chromium  diffusion  couples  (exemplary  of  oxidation- 
resistant  coating)  were  annealed  at  8092  and  3272  F  (1700  and  1800  C)  and  then  evaluated 
by  conventional  diffusion-analysis  techniques.  Interdiffusion  was  found  to  decrease  as 
the  minimum  solidus  temperature  of  the  tungsten-barrier  binary  system  increased. 
Rhenium,  ruthenium,  and  iridium  were  selected  as  the  optimum  barrier  metals  for 
tungsten.  These  selections  do  not  take  into  account  coating-barrier  diffusion  reactions, 
because  practical  tunesten-ba.rrier-coatino  diffusion  couples  have  net  b^en  evaluated. 


PROPERTIES 


The  majority  of  the  property  data  for  tungsten  and  tungsten-base  alloys  have  been 
contributed  from  research  with  objectives  other  than  property  studies.  This  is  not  un¬ 
usual  since  the  determination  of  mechanical  and  physical  properties  is  generally  the 
mo»i  common  and  sometimes  the  only  means  of  evaluating  the  quality  of  a  material. 
Therefore,  being  cognizant  of  the  naturally  large  distribution  of  property  data,  this 
particular  section  is  limited  to  only  those  contracts  with  specific  objectives  to  deter¬ 
mine  selected  properties.  Following  this  plan,  a  review  of  contracts  at  DMIC  indicate 
that  a  total  of  12  programs  qualify  under  the  limitation  imposed.  Only  5  of  these  12 
are  summarized  in  this  section  since  detailed  or  significant  information  was  not  avail¬ 
able  from  the  remaining  7. 

The  National  A r  onautics  and  Space  Administration  seems  to  be  most  active  in 
the  area  of  property  stuvUcs  on  tungsten  and  tungsten-base  alloys.  In  three  separate 
studies^, 54, 55)  they  have  released  data  or.;  (1)  effect  of  surface  condition  on  the 
ductile  to  brittle  transition  temperature,  (2)  effect  of  strain  rate  on  tensile  properties 
at  high  temperature,  (3)  tensile  and  stress-rupture  properties  of  some  W-Mo  alloys 
at  high  temperature.  A  brief  summary  follows. 

The  effects  of  surface  conditions  on  the  ductile-to-brittle  transition 
temperature  of  recrystallized  tungsten  were  evaluated  by  testing  in  tension'1*  *. 
Several  surface  treatments  were  applied  with  the  results  indicating  an  electro- 
polished  (10  mils  removed  from  the  diamtder)  or  oxidized  surface  exhibited  the 
lowest  transition  temperature,  415  F.  Results  from  notched  specimens  (Kt  =  6) 
indicated  that  the  transition  temperature  1s  increased  by  360  F,  and  that  above 
the  transition  temperature  tungsten  is  notch  strengthened. 

The  effect  of  strain  rate  on  the  tensile  propemes  oi  rccrystaliized  tungsten 
was  evaluated  from  strain  rates  of  0.002  to  20  inches  per  inch  per  minute'-*'*'. 
Results  from  this  work  showed  that  at  a  constant  temperature,  increasing  the 
strain  rate  increased  the  ultimate  tensile  strength  significantly.  Also,  increasing 
the  strain  rate  at  temperatures  above  3000  F  increased  the  ductility. 

Tensile  tests  were  conducted  over  the  temperature  range  2500  to  4400  F 
to  determine  the  tens.le  properties  of  W-lOMo,  W-25Mo,  and  W  -^OMo  alloys'”  . 
Results  showed  the  10  and  25  per  cent  alloys  to  have  higher  tensile  strengths 
than  unalloyed  tungsten  at  2500  and  3000  F  and  equivalent  strength  to  about 
3500  F.  Above  3500  F  the  strength  of  unalloyed  tungsten  was  superior  to  that 
of  cither  of  the  alloys.  Stress-rupture  te\ts  were  a’su  conducted  on  the  W -50 Mo 
alloy  over  the  temperature  range  25UU  t< *  F  u  « >>th  the  as-worken  and  re- 

crystallized  condittcns. 
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The  Hughes  Tool  Company^®®),  working  under  an  Air  Force  contract,  is  studying 
the  mechanical  properties  of  commercially  available  tungsten  sheet.  In  the  initial 
quality-control  phase,  hardness,  microstructure,  chemical  impurities,  flexural  prop¬ 
erties,  and  tensile  strength  were  determined  on  material  from  three  vendors.  From  the 
test  results  generated  during  the  first  phase,  a  materials  specification  was  established 
requiring  a  large  hot-cold  reduction  during  rolling  for  material  for  study  during  the 
second  phase. 

During  the  second  phase,  tensile  tests  were  conducted  on  material  from  five 
different  sources  at  room  temperature,  1000,  2000,  3*00,  and  4400  F,  In  this  con¬ 
nection  it  is  significant  to  note  that  material  from  one  producer  consistently  displayed 
a  limited  amount  of  plastic  deformation  at  room  temperature. 

As  a  portion  of  the  work  conducted  under  a  Navy  contract,  the  Aerojet-General 
Corporation^®?)  determined  the  melting  points  and  spectral  and  total  emissivities  for 
tungsten  wSth  densities  from  70  to  90  per  cent  of  theoretical.  Spectral  emissivities 
ranged  from  0.  37  to  0.415  and  total  emissivities  ranged  from  0.  315  to  0.  375  over  the 
temperature  range  2642  to  4982  F  (1450  to  2750  C).  Furthermore,  a  higher  value  of 
spectral  cmissivity  (0. 65/i)  was  indicated  for  porous  tungsten  than  for  dense  tungsten. 


PHYSICAL  METALLURGY 


Much  effort  has  been  and  is  currently  being  expended  to  improve  the  low- 
temperature  ductility  of  tungsten  and  to  develop  workable  high  strength  alloys  for  appli¬ 
cation  in  the  3000  to  4000  F  temperature  range.  To  complement  these  broad  topics 
which  fall  within  the  scope  ^f  alloy  development,  a  considerable  amount  of  effort  is  also 
being  devoted  to  more  fundamental  studiee  of  the  mechanical  prone-ties  and  alloying 
behavior  of  unalloyed  tungsten.  Therefore,  this  section  dealing  with  the  physical  metal¬ 
lurgy  of  tungsten-base  material  is  most  easily  discussed  in  two  parts —  alloy  development 
and  fundamental  studies. 


Alloy  Development 


In  separate  phases  established  under  an  Army  contract,  the  Armour  Research 
Foundation'”®'  is  investigating  liquid-phase  sintering  with  respect  to  improved  fabrlea- 
bility  and  low-temperature  ductility. 

Tho  general  objective  under  one  phase  is  to  lay  the  foundation  for  a  new  and  im¬ 
proved  technique  of  fabricating  tungsten  sheet.  The  new  approach,  which  was  recently 
demonstrated  as  boing  successful,  takes  advantage  of  the  cold  ductility  of  a  two-phase 
W-Ni-Fe  composition  during  breakdown  rolling.  Prior  to  finish  rolling,  the  low- 
melting  W-Ni  matrix  is  removed  by  zone  refining  leaving  essentially  pure  tungsten  to  be 
finished  to  sheet.  The  primary  advantage  to  this  un5que  vrocess  is  that  it  improws 
materia!  recovery  and  therefore  the  economy  of  the  sheet-rolling  process. 
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The  second  ph  -oc  nas  as  its  objective  the  development  of  ductile  tungsten  atloys 
for  use  at  temp^iatures  above  3y  1  T  {2000  C).  The  approach  employed  liquid-phase 
sintering  whc!!5?j'.miui  o’*"  .at  l.i<v 3te.-.  particles  were  rounded  and  completely  sur¬ 
rounded  by  a'sSVrtvwjg.  Iu_tilc  envelope  phase.  Ternary  additions  to  W-Pt  and  W-Pd  bases 
showed  little  or  no  promice  for  achieving  the  desired  effects  as  envelope  phases.  How- 
_cvc. ;  erh  .vith  W-151’h  and  W-20Th  indicated  that  these  alloys  were  capable 

oi  .ooTu-ivuipcraturc  deformation,  possessed  good  high-temps rature  strength,  and  have 
melting  points'  exceeding  3632  F  (2000  C). 

The  General  Electric  Company^)  in  v.  ork  for  the  Air  Force  has  completed  a 
study  of  the  flow  and  fiacture  behavior  of  ten  W-Re,  W-Ru,  W-Hf,  W-Hf-C,  and  W-B 
alloys.  Each  ol  the  alloys  was  initially  prepared  by  vacuum  melting  and  was  then  ex¬ 
truded  and  rolled  to  sheet  material  for  subsequent  mechanical -property  evaluations. 

The  most  significant  finding  from  the  property  studios  was  the  exceptional  combinations 
of  strength  and  ductility  shown  by^a.  W-27Re  ahoy  with  some  sigma  phase  present  in  the 
as-rpljcd  structure.  The  ductile -to-brittlc  transition  temperature  for  this  alloy  in 
either  tho  wrought  or  fine-grained  recrystallized  conditions  was  about  -100  F  and 
the  corresponding  yield,  strength  was  approximately  400,000  psi.  Transition  tempera¬ 
tures  in  the  range  75  to  150  F  resulted  from  annealing  treatments  which  produced 
larger  grained  single-phase  structures  in  this  same  alloy. 

Other  important  results  from  this  work  included  information  concerning  the  effect 
of  interstitial  solutes  on  ductility.  It  was  found  that  fracture  in  tungsten-base  materials 
was  more  dependent  on  changes  in  the  distribution  of  intci-titial  atoms  than  on  the  grain 
size  per  se.  By  varying  the  cooling  rate  it  was  found  that  the  transition  tsmperaturz  of 
certain  alloys  could  be  varied  by  nearly  300  F.  Low  cooling  rates  glAve  the  lowest 
transition  temperatures  and  presumably  provide  sufficient  time  for  the  interstitials  to 
precipitate  from  solution  and  segregate  to  the  grain  boundar.es,  thus  reducing  dislocation 
locking  and  improving  ductility. 

In  work  for  the  Bureau  of  Naval  Weapons,  Battclle  Memorial  Institute^)  has 
demonstrated  the  additive  effect  of  both  inert  oxide  dispersions  and  critical  amounts  of 
Groups  VII  and  VIII  metals  In  lowering  the  ductile-to-brittle  transition  temperature  of 
tungsten  in  both  the  wrought  or  recrystallized  form.  The  lowest  transition  tempera¬ 
tures  were  in  the  range  167  to  105  F  (75  to  85  C)  as  compared  to  410  F  (210  C)  for  un¬ 
alloyed  material.  The  most  ductile  alloys  were  W-5Re-2.  2ThO^,  W-lOs-4.  4Th02, 
and  W-Q.  3Ir-4.  4ThO^.  Furthermore,  these  ternary  additions  were  found  to  increase 
the  recrystallization  temperature  and  decrease  the  recrystallized  grain  size. 

The  Climax  Molybdenum  Company  h,  conducted  extensive  investigations  to  de¬ 
velop  workable  tungsten -base  alloys  with  high -temperature  properties  superior  to  those 
of  unalloyed  tungsten.  As  discussed  below ,  the  majority  of  this  work  is  Included  under 
three  programs,  two  for  the  Navy'  *  ,  and  a  third  for  the  Air  Forced 

The  effect  of  cobalt,  columbium,  hafnium,  tantalum,  vanadium,  and 
zirconium  were  investigated  for  the  Navy  with  respect  to  their  effects  on 
the  lattice  parameter,  hu.dncss,  and  oxidation  revist-in,--  of  tungsten'”7'. 

Vanadium  was  the  only  element  found  to  contract  the  tungsten  lattice.  Ban  d 
on  hardness  measurements  at  room  temperature  and  1600  F,  cobalt  was  the 
most  potent  hardener.  Columbium,  hafnium,  tantalum,  and  zirconium  all 
reduced  the  oxidation  rat*,  oi  tungsten  but  not  to  the  *  xtvnt  that  the  effects 
were  of  any  practical  significance. 
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Successful  extrusion  procedures  were  developed  for  arc-cast  unalloyed 
tungsten  and  the  10,  30,  and  50  per  cent  molybdenum  compositions  each  con¬ 
taining  a  0.  Cl  per  cent  addition  of  carbon  on  the  study  for  the  Air  ForceU9). 

With  the  exception  of  unalloyed  tungsten,  each  of  these  materials  were  suc¬ 
cessfully  converted  to  bar  stock  by  rolling.  Testing  .ndicaled  tire  best  strength 
properties  for  the  W-3QMo  alloy  and  the  best  stress- rupture  properties  for  the 
W-lOMo  alloy.  At  2400  F  in  the  stress -relieved  condition,  W-30Mo  had  a 
tensile  strength  of  64,000  psi  ana  W-lOMo  withstood  2.6  hours  at  40,000  psi 
before  rupture. 

The  Navy  project  to  develop  vacuum  arc-cast  tungsten-base  alloys 
which  -an  be  worked  in  the  cast  state  and  which  will  possess  high  strengths 
coupled  with  acceptable  ductility  in  the  wrought  conditions  is  currently  in 
progress^®).  Seven  tungsten-base  alloys  containing  dilute  additions  of 
molybdenum,  columbium,  hafnium,  and  zirconium  are  being  studied.  To  date, 
all  seven  alloys  have  been  successfully  melted  and  converted  to  1 /2-inch  bar 
stock  by  extrusion  and  swaging. 

Under  two  Air  Force  contracts,  the  Crucible  Steel  Company ^9,70)  investigating 

the  tungsten- rich  alloys  with. a  the  W-Ta-Mo-Cb  quaternary  system.  A  brief  summary 
of  the  objectives  and  achievements  in  each  program  is  presented  below. 

In  one  program^),  20  alloys  were  investigated  for  their  structural 
potential  at  temperatures  above  2500  F.  The  most  outstanding  tungsten-base 
alloy  Sv.reened  from  these  studies  and  tested  in  the  aa -extruded  condition  was 
W-5.  7M*o-5.  7Cb.  The  results  of  tensile  and  stress-rupture  testing  indicated 
an  ultimate  tensile  strength  of  62,000  psi  at  3000  F  and  creep  elongation  of 
0. 09  per  cent  after  stress-rupture  testing  5  hours  under  7,000  psi  at  3000  F. 

In  the  second  program^®)  the  objectives  were  to  evaluate  sheet  samples 
of  six  high-strength  alloys  from  the  W-Ta-Mo-Cb  system  s— !  to  increase  the 
high-ter  perature  strength  of  these  alloys  with  dispersed  carbide  phases.  Of 
the  six  alloys  selected,  only  two  were  tungsten  base,  W-6Mo-6Cb  and 
W-20Ta-12Mo.  Subsequent  tensile  tests  on  these  at  3000  F  in  the  as-extruded 
condition  (3  to  1  reduction)  indicated  ultimate  strengths  of  62,000  and  68,000 
psi  for  the  W-6Mo-6Cb  and  W-20Ta-12Mo  compositions,  respectively. 

Further  attempts  to  fabricate  these  alloys  to  sheet  were  unsuccessful. 

Additional  work  to  achieve  even  greater  nig  -temperature  strengths 
resulted  in  two  carbide-dispersion  alloys,  W-ldCb-G.  l4Zr-0.  19C  and 
W-12Ch-0.  12Zr-0.  29V-0. 07C.  Tensile  tests  at  35u0  F  in  the  as-extruded 
condition  indicated  ultimate  strengths  of  49,000  and  57,000  psi  for  the 
Zr-C  and  V-Zr-C  alloys,  respectively. 
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Fundamental  Studios 


Fundamental  studies  of  the  effects  of  standard  metallurgical  variables  on  the 
physical  and  mechanical  properties  of  unalloyed  tungsten  and  dilute  tungsten-base  alloys 
have  been  conducted  by  the  Union  Carbide  Metals  Company,  Haynes  Stellite  Company, 
and  the  Westinghouse  Electric  Corporation.  A  brief  discussion  of  this  work,  which  was 
ircluded  under  two  Air  Force-sponsored  and  one  Navy -sponsored  program,  is  presented 
as  follows. 

In  work  for  the  Air  Force,  the  Union  Carbide  Metals  Company^73)  in¬ 
vestigated  the  influence  of  fabrication,  strain  rate,  temperature,  and  micro¬ 
structure  on  the  tensile  properties  of  both  polycrystalline-powder-metallurgy 
and  arc -cast  tungsten.  Perhaps  the  most  significant  result  from  this  work 
was  the  i  mproved  high-temperature  ductility  displayed  by  arc-cast  material 
as  compared  to  that  of  powder-metalluray  tungsten.  For  example,  at  3002  F 
(1650  C)  a  reduction  in  area  of  more  than  98  per  cent  was  obtained  for  the 
arc-cast  material,  while  only  40  per  cent  was  obtained  from  the  powder- 
metallurgy  product.  Several  dilute  tungsten-base  alloys  with  titanium, zir¬ 
conium,  and  columbium  were  also  investigated.  Results  from  this  work 
indicated  an  unusually  high  tensile  strength  oi  61,000  psi  for  the  W-0.57Cb 
alloy.  However,  recent  attempts  by  other  investigators  to  reproduce  this 
value  have  been  unsuccessful. 
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The  objective  of  the  program  for  the  Navy  at  Haynes  Stellite'  was  to 
evaluate  the  fabrieability  and  properties  of  tungsten  and  tungsten-base  alloy 
single  crystals.  Sixty-five  crystals,  which  included  several  dilute  tungsten- 
base  alloys,  were  included  in  the  program.  Fabrication  of  these  materials 
was  accomplished  by  swaging  and  a  combination  of  forging  and  rolling  at 
2192  F  (1200  C).  As  a  result  of  these  studies  the  single  crystals  were  shown 
to  have  a  significant  fabrication  advantage  and  their  mechanical  properties 
after  working  were  shown  to  be  equivalent  to  those  of  polycrystalline  material. 

Westinghovse^71’^  conducted  an  extensive  research  program  for  the 
Air  Force  to  determine  base-line  data  on  the  metallurgical  properties  of 
pure  tungsten.  In  work  with  high-purity  polycrystalline  material,  tensile 
and  stress-rupture  properties  were  determined  to  temperatures  of  4000  and 
3000  F,  respectively.  An  analysis  of  these  data  showed  a  continuous  decrease 
in  ductility  with  increasing  temperature  ,  similar  to  that  described  above  for 
prior  Union  Carbide  work.  This  phenomenon  will  be  a  topic  of  further  in¬ 
vestigation  in  future  work.  Also  for  polyc*  ystalline  material,  the  effect  of 
grain  size  on  the  ductile -to-brittle  transition  temperature  revealed  that  the 
transition  temperature  depended  morv  on  the  annealing  temperature  than 
on  the  grain  size.  This  fact  was  attributed  to  differences  between  the  state* 
of  the  impurities  in  the  lattice  as  effected  by  annealing  temperature. 

Single  crystals  were  also  studied.  Their  mechanism  of  purification 
during  zone  melting,  their  flow  and  fracture  behavior,  and  their  charac¬ 
teristic  internal  friction  peaks  were  studied  in  efforts  to  establish  base¬ 
line  data  for  pure  tungsten.  Other  work  included  mechanical-property 
determinations  at  temperatures  up  to  3000  F  of  alloys  with  dispersed 
second-phases  of  W-ThO*,  W-TaC,  and  W-Hf02  and  dilute  sol  id- solution 
alloys  of  W-Ta  and  W-Cb.  When  compared  with  unalloyed  ;ungstvn  at 
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3000  F,  the  dispersed-phase  alloys  displayed  a  significant  ultimate  strength 
advantage  —  27  to  31,000  versus  15,000  psi.  Of  importance  with  respect  to 
the  solid- solution  alloys,  additions  of  0*  35  and  5  per  cent  tantalum  were 
found  to  increase  the  recrystallization  temperature  by  720  and  1080  F 
(400  and  600  C), respectively,  above  that  noted  for  unalloyed  material  — 

2192  F  (1200  C). 

Under  a  program  sponsored  by  the  Air  Force,  Battelle  Memorial  Institute^) 
studied  the  notch  and  unnotchod  tensile  properties  of  several  refractory  metais  and  their 
alloys,  including  unalloyed  tungs.en.  Both  stress-relieved  and  recrystalllzcd  rod  mate¬ 
rial  were  tested  in  tension  with  the  notch  sensitivity  of  each  material  being  evaluated  by 
analyzing  the  notch-unnotched  tentile-strengih  ratio,  the  ductility  transition,  and  the 
fracture  transition.  The  results  of  this  study  indicated  that  on  the  basis  ol  notch- 
unnotched  strength  ratios,  stress-relieved  and  recrystallized  tungsten  tend  to  become 
notch  sensitive  at  temperatures  below  482  and  752  F  (250  and  400  C),  respectively. 

Nuclear  Metals,  Inc.  ,  as  the  prime  contractor,  has  conducted  one  Air  Force- 
sponsored  program(77),  and  is  currently  engaged  in  another (78),  in  which  they  axe  de¬ 
termining  the  constitution  diagrams  and  studying  the  diffusion  characteristics  of  selected 
tungsten  binary  systems.  Work  under  one  contract^)  haB  to  date  included  determina¬ 
tions  of  the  W-lr  and  W-Rh  binary  systems  and  several  isotherms  of  the  W-Mo-Os  and 
W-Hf-Re  ternary  systems.  Care  was  taken  in  obtaining  reliable  phase  diagrams.  Ira 
particular,  the  purity  of  the  constituents  was  protected  at  all  times,  and  the  tempera¬ 
tures  were  determined  to  within  ±36  F(±20  C).  The  objective  of  the  diffusion  studies  at 
Nuclear  Metals^)  includes  a  determination  >1  the  diffusion  coefficients  in  the  binary 
tungsten  systems,  W-Ru,  W-Ir,  W-Rh,  and  W-Pt.  This  work  is  being  conducted  with 
the  aid  of  an  elcctron-proba  analyzer. 
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APPENDIX 

GOVERNMENT-SPONSORED  RESEARCH  RELATED  TO  TUNGSTEN  -  1960-1962 


This  listing  of  Government-sponsored  research  and  development  programs  related  to  tung¬ 
sten  technology  includes  all  those  known  by  DMIC  to  have  been  in  force  at  least  at  some  time 
during  the  period  1960-1962.  The  list  is  arranged  according  to  technology,  following  the  outline 
that  appears  in  the  Table  of  Contents.  The  item  numbers  for  the  various  contractu  are  used  as 
reference  numbers  in  the  report. 

The  Defense  Metals  Information  Center  maintains  a  file  of  information  on  research 
programs  for  all  materials  within  its  scope.  This  file  is  used  as  an  indispensable  nid  In  collecting 
technical  information.  It  is  extremely  important  to  DMIC  to  know  of  the  existence  t»l  reaaarch 
and  development  projects  within  its  scope. 
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Preparation  of  Metal 


A.  Tungsten  Powder 

(1)  Conducted  by:  Vitro  Laboratories,  Division  of  Vitro  Corp.  of  America,  West  Orange, 

New  Jersey  (J.  Holmgrin) 

For:  Air  Force;  WADD,  Materials  Central 

Title:  Submicron  Powder  Manufacturing  Methods  Development 

Vitro  Laboratories  has  completed  a  state-of-the-art  survey  on  this  subject  and  is 
currently  engaged  in  the  production  of  fine  powders  largely  in  the  1000  to  100-A  range. 
Metals,  oxides,  and  carbide  materials  are  being  studied 

(2)  Conducted  by:  Union  Carbide  Nuclear  Co. 

For:  Atomic  Energy  Commission 

Title:  Production  of  Ultra-Fine  Tungsten  Metal  Powder 

Improved  tungsten  powder  has  been  produced  experimentally  that  has  a  surface  area  of 
5  to  10  square  meters  per  gram.  It  can  be  isostatically  pressed  and  then  sintered  at  1400  to 
1600  C  to  reach  over  90  per  cent  of  theoretical  density.  The  ultimate  objective  of  the  tung¬ 
sten  powder  research  is  to  make  a  high-density,  ductile  tungsten  metal. 


B.  High-Purity  Tungsten 

(3)  Conducted  by:  Alloyd  Corporation,  Cambridge,  Massachusetts 
For:  Navy;  BuAer 

Title:  Research  on  the  Production  of  Ultra  Pure  Refractory  Metals 

The  objective  was  to  produce  ultrapure  refractory  ir.tals,  1.  c. ,  tungsten,  tantalum, 
jolybdenum,  and  columblum,  through  the  hydrogen  reduction  of  purified  chloride  vapors. 


Consolidation 


A.  Powder  Metallurgy 

1,  Powder  Compact. On 

(4)  Conducted  by:  Hughes  Tool  Company  (1.  Shapiro) 

For:  Air  Force;  ASD 

Title:  Fundamental  Study  of  the  Compressibility  of  Powders 

A  systematic  study  of  the  compressibility  of  powders  is  being  conducted  to  determine 
the  basic  underlying  principles  that  relate  tt.e  compressibility  of  powders  to  functions  of 
their  physical  properties. 

2.  Plasma  Spraying 

(5,6)  Conducted  by:  Massachusetts  Institute  of  Technology,  Cambnde,  Massachusetts 
(J.  H.  Brophy,  H.  W.  Hayden,  K.  G.  Kmder,  and  J.  Wulfl) 

For:  Navy;  BuWeps 

Tide.  Activated  Sintering  of  Pressed  Tungaten  Powders  and  Plasma  Jet  Sprayed  Tungsten 
Deposits 

The  strength  and  structure  of  plasma  arc  sprayed  tmgsten  deposit*  have  been  examined 
for  air  and  protective -atmosphere  chamber  spraying.  As  deposited  density  was  >aricd 
from  50  to  90  per  cent.  The  application  of  nickel  to  Activate  deneiitcation  of  tungsten 
deposits  by  subsequent  heat  treatments  was  studied. 


A- 3 

(7)  Conducted  by:  General  Electric  Company,  Cincinnati  15,  Ohio  {W.  H.  Kearns) 

For:  Navy;  BuWeps 

Title:  Development  of  High  Strength  Materials  for  Solid  Rocket  Motors 

The  purpose  of  this  program  is  to  perform  research  and  conduct  feasibility  studies 
leading  to  the  development  of  ultrahlgh- strength  solid-fuel  rocket  cases  by  means  of  warm 
working.  An  additional  phase  is  related  to  the  development  pf  special  alloys  which  may 
have  improved  ductility  and  improved  strength-to-welght  ratios.  The  following  are  tasks: 
{!)  continued  arc-spraying  studies  with  tungsten;  (2)  fabrication  studies  with  tungsten;  and 
(3)  electron- beam- welding  studies  with  tungsten. 

Task  4  describes  an  investigation  of  electron-beam-welding  parameters  for  tungsten 
sheet,  mechanical  properties  of  electron-beam  welds  in  tungsten  sheet,  and  welding  of 
simulated  rocket  nozzles. 


3.  Slip  Casting 

(8)  Conducted  by:  Union  Carbide  Metals  Company,  Niagara  Falls,  New  York  (R.  W.  Fountain) 
For:  Air  Force;  WADC,  Materials  Lab. 

Title:  Investigation  of  the  Properties  of  Tungsten  and  Its  Alloys 

Objectives:  An  evaluation  of  selected  physical  and  mechanical  properties  of  sllp- 
cast-and- sintered  tungsten  was  conducted.  The  tests  were  conducted  on  a  number  of  sam¬ 
ples  having  densities  ranging  from  60  to  93  per  cent  of  theoretical  density.  No  details  are 
given  with  respect  to  the  nature  of  the  slip-casting  process. 


4.  Sintering 

(9)  Conducted  by:  Lewis  Research  Center,  Cleveland,  Ohio  (N.  T.  Saunders) 

For;  NASA 

Title;  Experimental  Method  of  Producing  Porous  Tungsten  for  Ion  Rocket  Engines 

A  preliminary  study  was  conducted  to  develop  a  method  of  fabricating  porous  tungsten 
for  ion-propulsion  applications. 

(10)  Conducted  by:  Thompson  Ramo  Wooldridge  Inc. 

For:  Air  Force;  WADD 

Title:  Porous  Tungsten  Emitters 

This  research  1*  intended  for  Investigation  of  the  metallurgical  problems  associated 
with  the  development  of  a  porous-tungsten  surface-contact  ion-source  for  potential  use  In 
ionic-propulsion  systems  with  cesium.  The  major  objective  of  this  program  will  be  to 
develop  the  metallurgical  techniques  required  to  produce  tungsten  emitters. 


B.  Melting  and  Casting 

1.  Electron-Beam  Melting 

(11)  Conducted  by:  Maltory-Sha  ron  Metals  Corporation  (J.  Perryman) 

For:  At r  Force;  WADD,  Materials  Lab. 

Title:  Services  and  Facilities  to  Evaluate  the  Use  of  Electron  Bean  Melting 

The  purpose  of  this  program  was  to  evaluate  the  effectiveness  cf  the  electron-beam- 
meltlog  process  in  reducing  brittleness  and/or  improving  impact  properties  of  materials 
that  ate  considered  to  be  inherently  brittle.  Boron,  ”*o ron  carbide,  tantalum  carbide,  and 
zirconium  dibonde  were  melted.  The  effect  of  melting  variables  on  the  properties  of 
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electron-beam-melted  beryllium,  tungsten,  hafnium,  vanadium,  cobalt,  and  molybdenum 
were  also  determined. 


2.  Consumable  Arc  Melting 

(12)  Conducted  by:  Lewis  Research  Center,  Cleveland,  Ohio  (F.  A.  Foyle,  G.  E.  McDonald 

and  N.  T.  Saunders) 

For:  NASA 

Title:  Initial  Investigation  of  Arc  Melting  and  Extrusion  of  Tungsten 

The  purposes  of  this  study  were  to  investigate  arc  melting  as  a  method  for  producing 
dense  tungsten  ingots,  to  study  extrusion  as  a  method  for  breaking  up  the  coarse  grain 
structure  of  the  arc-cast  ingots,  and  to  evaluate  certain  mechanical  properties  of  arc-cast 
and  extruded  tungsten. 

(13)  Conducted  by:  Westinghouse  Electric  Corporation,  Research  Laboratory  (L.  L.  Frans) 

For:  Navy;  BuAer 

Title:  Research  and  Development  in  High-Strength,  Heat-Resistant  Alloys 

This  contract  has  as  its  object  tho  development  of  high-strength,  heat-resistant  alloys 
based  upon  the  metals  tantalum  and  tungsten  and  containing  appreciable  percentages  of 
rhenium,  hafnium,  zirconium,  titanium,  osmium,  molybdenum,  niobium  or  other  high- 
melting  metals. 

(14)  Conducted  by:  Westinghouse  Electric  Corporation  (Carnahan) 

For:  Air  Force;  VvADD,  Materials  Central 

Title:  Melting  Variables  for  Refractory  Metals 

This  program  provides  for  the  Investigation  of  arc-melting  variables  to  produce 
sound,  fine-grained,  homogeneous  ingots  of  refractory  alloys  and  to  study  the  effects  of 
grain  structure  and  purity  levels  on  the  resistance  to  deformation  and  mechanical  properties. 
This  program  will  consist  of  two  work  areas:  (1)  basic  vacuum  arc  melting  program  and 
(2)  the  internal  support  program. 


3.  Skull  Melting  and  Centrifugal  Casting 

(15)  Conducted  by:  Westinghouse  Electric  Corporation,  Blalrsville,  Pennsylvania 
(A.  E.  LaMarche) 

For:  Navy.  BuWeps 

Title:  Manufacturing  Development  of  Tungsten  Alloys  for  Rocket  Nozzles 

The  program  was  divided  Into  three  phases:  Phase  1  -  a  study  of  the  effects  of  the 
controlled  variables  of  the  skull-melting  process,  ^hasc  U  -  the  extension  of  the  skull- 
melting  and  casting  technology  developed  under  Phase  I  to  W-lOMo,  W-lMo,  and  pure 
tungsten  in  that  order;  and  Phase  U1  -  sn  attempt  to  establish  a  process  specification  for 
producing  high-integrity  castings  of  pure  tungsten. 


C.  Vapor  Deposition 

(16)  Conducted  by;  National  Bureau  of  Standards,  Dept.  ofCommerco 
For:  Navy;  BuOrd,  8PO 

Title:  Fleet  rode  position  of  Tungsten  and  Other  Refractory  Metals 

The  variables  involved  In  the  deposition  of  tungsten  coatings  by  the  vapor-phase 
reduction  of  tungsten  hexafluoride  with  hydrogen  were  studied.  No  conditions  were  found 
that  resulted  in  a  Urge  improvement  in  the  rate  of  efficiency  of  deposition. 
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(17)  Conducted  by:  The  Bureau  of  Mines,  U.  S.  Department  cf  Interior,  Washington,  D.  C. 

(F.  W.  Hoertel) 

For:  Navy;  BuOrd,  SPO 

Title:  Vapor  Deposition  of  Tungsten  on  Graphite  Nozzle  Inserts 

The  objective  of  this  program  was  to  investigate  the  vapor-phase  reduction  of  tungsten 
hexafluoride  on  graphite  rocket-nozzle  inserts.  The  Aerojet-Gen  >  tal  Corporation, 
Sacramento,  California,  is  to  supply  the  machined  nozzle  inserts.  All  components  pro¬ 
duced  under  the  contract  were  ultimately  delivered  to  this  Corporation. 


Primary  and  Secondary  Working 

A.  Extrusion 

(18)  Conducted  by:  V/ah  Chang  Corporation,  New  York,  New  York  (J.  Wong) 

For:  Air  Forcf);  WADD,  Materials  Central 

Title:  Tungsten  Extrusion  Development  Program 

This  program  involves  five  phases:  Phase  l  -  state-of-the-art  survey;  Phase  II  — 
billet  process  development;  Phase  III  -  development  of  the  extrusion  operation;  Phase  IV  - 
verification  of  process  uniformity  and  development  of  postextrustlon  operations;  and 
Phase  V  -  pilot  production  of  the  target  section. 

(19)  Conducted  by:  Climax  Molybdenum  Company  of  Michigan,  Detroit,  Michigan  (A.  Q.  Barr, 

G.  G.  Chesmar  and  M.  Semchyshcn) 

For:  USAF;  WADD 

Title:  Development  of  Workable  Moiybdouum  and  Tungsten-Base  Alloys 

It  Is  the  objective  of  this  program  to  conduct  additional  development  work  on  several 
molybdenum-  and  tungsten-base  alloys  containing  various  additions  of  those  alloying  ele¬ 
ments  which  have  shown  the  ability  to  increase  the  high-temperature  strength  of  molybdenum 
in  previous  Investigations.  Effort  will  be  directed  moat  specifically  to  arrive  at  compo¬ 
sitions  with  an  optimum  balance  of  workability,  low  ductile-to-brittle  transition  tempera¬ 
ture,  high  recrystallDation  temperature,  and  high  hot  strength. 

(20)  Conducted  by:  Westinghouse  Electric  Corporation 
For:  Air  Force;  WADD 

Title:  Research  to  Compare  High  Energy  Rate  and  Extrusion  Press  Processes  as  Applied 
to  Refractory  Metal  Alloy  Deformation 

The  objective  of  this  program  is  to  compare  tha  high  energy  rate  (Dynapak)  and 
extrusion  press  processes  as  spplied  to  refractory-mctal-alloy  deformation.  A  comparison 
will  be  made  in  the  properties  and  behavior  of  selected  refractory-metal  alloys  extruded  by 
conventional  means  and  by  the  high-energy-rate  (Dynapak)  technique. 

The  objective  of  this  program  Is  to  compare  the  high  energy  rate  (Dynapak;  and 
extrusion  press  processes  as  applied  to  refractory-metai-alioy  deformation.  A  comparison 
will  be  made  in  the  properties  and  behavior  cf  selected  refractory-metal  alloys  extruded  by 
conventional  means  and  by  the  high-energy- rate  (Dynapak)  technique. 

(21)  Conducted  by:  California  Institute  of  Technology,  Jet  Propulsion  Dab,  Pasadena,  California 

(D.  P  Kohorst) 

For:  NASA 

Title:  Evaluation  of  Tungsten  Extrusions  Pr-duccd  1  jty  High- Energy- Kate  Extrusion 
Process  ~ 


A  study  was  made  to  evaluate  the  high-energy- rate  extrusion  process  as  a  means  of 
producing  test  specimens  for  this  program.  Because  of  the  difficulties  encountered  in  hot- 


working  tungsten,  it  was  of  prime  interest  to  determine  whether  this  fairly  tu w  and  little- 
used  process  could  yield  specimens  of  the  desired  quality. 


B.  Forging 

(22)  Conducted  by:  Thompson  Rarao  Wooldridge  Inc.  (A.  S.  Nemy) 

For:  Air  Force;  AMC 

Title:  Tungsten  Forging  Development  Program 

The  primary  objective  is  the  development  of  methods  tor  producing  tungsten  forgings 
for  use  in  air  and  spacecraft  construction. 

(23)  Conducted  by:  Thompson  Kamo  Wooldridge  Inc. 

For:  Navy;  SPO 

Title:  Tungsten  Forging 

(24)  Conducted  by:  Ladlsh 
For:  N*v>;  SPO 

Title:  Tungsten  Forgings 

(25)  Conducted  by:  Steel  Improvement  and  Forge  Company 
For:  Navy;  SPO 

Title:  Tungsten  Forging 


C.  Rolling 


(26)  Conducted  by:  Fansteel  Metallurgical  Co. ,  North  Chicago,  Illinois  (G.  Bodlne) 

For:  Navy;  BuWeps 

Title:  Production  of  High-Quality  Tungsten  or  Tungsten-Alloy  Sheet 

Production  of  sheet  18  inches  wide  and  approximately  48  inches  long  in  connection 
with  refractory-: netal  sheet-rolling  program.  The  powder-metallurgy  method  of  consoli¬ 
dation  is  being  employed. 

(27)  Conducted  by:  Universal  Cyclopu  Steel  Corporation,  Bridgeville,  Pa.  (C.  Mueller) 

For:  Air  Force;  WADD,  Materials  Central 

Title:  Development  of  Tungeten  Sheet  Rolling  Techniques 

Objective:  To  develop  processes  and  techniques  for  the  production  of  defect-free, 
hlgh-formabtllty  fat- rolled  tungston  sheet  products.  The  arc-melting  method  of  consoli¬ 
dation  is  being  employed  lr.  this  program. 

(28)  Conducted  by:  University  of  California,  Berkeley,  California 
For:  Atomic  Energy  Commission 

Title:  The  Powder  Rolling  of  Molybdenum 

The  objective  of  this  work  was  to  demonstrate  the  feasibility  of  power  rolling  as  a 
means  of  consolidation  to  directly  produce  molybdenum  and  tungsten  sheet. 


D.  Point  Deformation 


(29)  Conducted  by:  Wah  Chang  Corporation  (J.  Wong) 

For:  Air  Force;  WADD,  Materials  Central 

Title:  Development  of  Tungsten  Sheet  by  Floturrung  Technique  a 

The  objective  of  this  program  is  to  develop  new  or  Improved  techniques  for  shear 
forming  tungeten- alloy  sheets.  The  measure  of  satisfactory  accomplishment  will  be  the 
production  of  acceptable  sheets  36  by  96  Inches  In  thicknesses  of  20,  40,  and  63  mils. 
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(30)  Conducted  by:  Wah  Chang  Corporation,  Albany,  Oregon 
For:  Navy;  BuWcp3 

Title:  Investigation  o t  the  Feasibility  of  Manufacturing  Tungsten  Sheet  by  the  Application 
ot  Point  Deformation  Techniques  to  a  Suitable  Preform 


E.  Machining 

(31)  Conducted  by:  Metcut  Research  Associates,  Inc.,  Cincinnati,  Ohio  (J.  Kahles) 

For:  USAF;  WADD,  Materials  Central 
Title:  Machining  of  Refractory  Materials 

Purpose:  Investigate  and  evaluate  the  machining  characteristics  of  the  refractory 
materials  of  importance  to  the  aerospace  industry.  Phase  1  of  this  program  consisted  of  a 
survey  intended  to  isolate  significant  machining  problems,  followed  by  tha  formulation  of  a 
suitable  machining  research  program.  The  machining  program  It  being  carried  out  as 
Phase  II  of  the  subject  contract.  Phase  III  will  be  devoted  to  studying  machine  tool  require¬ 
ments  for  refractory  materials. 


Fabrication  and  Performance  of  Rocket  Notales 


A.  Power  Roll  Forming 


(32)  Conducted  by:  General  Electric  Company,  Cincinnati,  Ohio  (D.  J.  Shipp) 

For:  Navy;  BuWeps 

Title:  Development  of  Roll-Formed  Tungsten  Nottle  Components 

The  objectives  of  this  program  are  to  manufacture  by  the  roll-forming  process,  at 
least  three  exit  liners  according  to  an  Aerojet  General  specification  and  six  nottle  Inserts 
according  to  specifications  from  the  Allegany  Ballistics  Laboratory. 


B.  Plasma  Spraying  and  Vapor  Deposition 

(33)  Coeductedby:  High  Temperature  Materials,  Inc.,  Boston,  Massachusetts 
For:  Navy,  BuWeps 

Title:  Destgn,  Development,  and  Fabrication  of  Vapor- Deposited  Tungsten  Components 

Purpose:  Produce  tungsten  coatings  by  vapor  deposition  on  graphlte-notsle  and  exit 
liner  substrates  for  use  in  the  A- 3  Polaris  missile.  Two  configurations  for  throat  Inserts 
for  the  A-3  first-stage  exit  liner  are  required. 

(34)  Conducted  by:  Butteile  Memorial  Institute,  Columbus,  Ohio  (J.  M.  Blocher,  Jr.) 

For:  Navy;  BuOrd,  SPO 

Title:  Experimental  Coatings  of  Tungsten-Molybdenum  Alloys  and  Graphite 

Equipment  capable  of  producing  tungsten  coatings  on  graphite  rocket-nossle  inserts 
through  the  vapor-  phase  reduction  of  tungsten  hexafluoride  was  designed  and  constructed 


Joining 


A.  Welding 

(35)  Conducted  by.  Hamilton  Standard  Division  United  Aircraft  Corporation  (H.  S.  H  oka  ns  on; 
For:  USAF;  WADD,  Materials  Central 
Title:  Electron  Beam  Welding  of  the  Refractory  Metals 
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This  program  covers  an  investigation  of  slectron-beam-wclding  procedures  as  related 
to  the  welding  of  molybdenum  and  tungsten.  Primary  emphasis  will  be  placed  on  the  eval¬ 
uation  of  welding  procedures  which  minimize  the  width  of  the  fusion  and  heat-affected 
zones  in  order  to  obtain  the  maximum  in  ductility. 

(36)  Conducted  by:  General  Electric  Company,  Cincinnati,  Ohio  (G.  Hopplo) 

For:  USAF;  WADD,  Materials  Central 

Title:  Investigation  of  Joining  the  Refractory  Metals  Tungsten  and  Columbium 

Objective:  Obtain  a  better  understanding  of  the  physical  metallurgy  related  to  joining 
the  refractory  metals  tungsten  and  columbium.  Investigations  will  be  directed  to  fusion 
welding  of  tungsten  alleys  and  the  brazing  of  columbium  and  tungsten.  Also  a  feasibility 
investigation  is  to  be  made  of  joining  by  diffusion  bonding  between  certain  refractory  metals 
and  iron,  nickel,  or  cobalt-base  alloys. 

(37)  Conducted  by:  Aeroprojects  Inc. ,  Westchester,  Pennsylvania  (C.  R.  Frownfelter) 

For:  Navy;  B-  Weps 

Title:  Ultrasonic  Welding  of  Refractory  Metals 

The  objective  of  this  program  is  the  Investigation  of  the  ultrasonic  welding  machine 
settings  required  and  evaluation  of  properties  of  the  welds  obtainable  for  the  following  re¬ 
fractory  metals  or  alloys;  (1)  Cb-lOMo-lOTi,  (2)  Mo-0. 5Ti,  and  (3)  tungsten. 


(38)  Conducted  by:  Aeroprojects  Incorporated,  West  Chester,  Pennsylvania  (N.  Maropls) 
For:  Air  Force;  ASD,  ASRCTF 

Title:  Development  of  Ultrasonic  Welding  Equipment  for  Refractory  Metals 

Objective:  Design,  assemble,  and  evaluate  heavy-duty  ultrasonic  spot-  and  seam¬ 
welding  equipment  for  joining  refractory  materials  and  superalloys  In  thicknesses  up  to 
0. 10  inch  and  to  develop  necessary  techniques  for  producing  reliable  welda  In  these 
materials. 


B.  Brazing  and  Bonding 

(39)  ConducUd  by:  Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts 

(J.  H.  Brophy,  H.  Keldeklang,  P.  Kovach,  andJ.  Wulff) 

For:  Army 

Title:  Joining  of  Refractory  Metals  -  Tungsten 

Concepts  of  activat'd  tungsten  diffusion  have  been  applied  to  the  joining  of  tungsten 
strip  at  temperatures  ranging  from  900  to  1100  C.  Solid-state  diffusion  has  been  enhanced 
by  electroplating  a  thin  layer  of  either  nickel  or  palladium  on  one  of  the  mating  surfaces. 

(40)  Conducted  by:  Solar  Aircraft  Company,  San  Diego,  California  (C.  W,  Haynes,  Sr.,  and 

A.  G.  Metcalfe) 

For:  Navy;  BuWeps 

Title:  Development  of  Low  Temperature  Bracing  of  Tungsten  for  High  Temperature  Service 

This  program  is  based  on  prior  work  at  Solar  Aircraft  Company  with  the  platinum- 
alloy  reactive  braze  systems,  namely  platinum-boron  plus  tungsten  and  platinum-silicon 
plus  tungsten.  The  program  was  proposed  in  five  phases  to  develop  these  reactive  braze 
systems  to  their  full  potential. 

(41)  Conducted  by:  Aerojet-General  Corporation  (C.  Fournier) 

For:  Army;  WAX. 

Title:  The  Study  of  the  Diffusion  Bonding  of  Tungsten  and  Tungsten  Alloys 


The  purpose  of  this  work  is  to  fabricate  complex  rocket-nozzle-inscrt  shapes  from 
thin  tungsten  washers  bonded  by  diffusion-brazing  techniques. 

Oxidation  and  Other  High-Temperature  Reactions 


A.  Oxidation 


(42)  Conducted  by:  Westinghouse  Electric  Corporation,  Pittsburgh,  Pa. 

For:  Air  Force;  WADD,  Materials  Central 

Titlo.  Investigation  of  the  Kinetics  and  Thermodynamics  of  the  Tungsten-Oxygen  System 

Objectives  of  this  program  are  the  determination  of  the  mechanism  of  oxidation  of 
tungsten  and  an  investigation  of  the  changes  resulting  from  selected  alloy  additions.  A 
major  part  oi  the  program  will  be  a  fundamental  study  of  the  kinetics  and  thermodynamics 
of  the  tungsten  -  oxygen  system  above  1000  C. 

(43)  Conducted  by:  Tho  Ohio  State  University  (R.  Speiser) 

For:  Air  Force;  WADC,  Aeronautical  Research  Lah. 

Title:  The  Oxidation  Characteristics  of  Tungsten  O-.er  Suitable  Temperaturo  and  Oxygen 
Pressure  Ranges  ~ 


A  fundamental  Investigation  will  be  conducted  on  the  oxidation  behavior  of  tungsten  in 
the  temperature  range  of  500  to  1400  C  and  at  oxygen  pressures  of  atmospheric  and  below. 
Emphasis  will  be  placed  on  determining  the  rate-controlling  process  within  these  envi¬ 
ronmental  ranges  In  order  to  better  define  the  operatlvo  mechanism. 


(44)  Conducted  by:  Lockheed  Missiles  and  Space  Division 

Title:  Low  Prossurc,  High  Temperature  Oxidation  of  Tungsten 

The  oxidation  behavior  of  tungsten  was  studied  at  1300  to  3000  C  under  1  to  40  mm 
air  pressure.  (Perkins,  R.  A.  ,  Crooks,  D.  D.  ,  Journal  of  Metals,  13  (7),  July  1961, 
pp  490-493. ) 


(45)  Conducted  byt  University  of  California,  P'rkeley,  California, 

For:  Atomic  Energy  Commission 

Title:  Kinetic  Studies  of  the  Reactions  Occurring  Between  Tungsten  and  Gases  at  Low 
Pressures  and  High  temperatures 


The  reaction  kinetics  wete  established  for  the  reactions  of  tungsten  with  oxygen, 
nitrogen  and  nitric  oxide  at  temporatures  ranging  from  1950  to  2600  K  and  at  gas  pressures 
from  10'®  to  10"6  atmosphere. 


B.  Erroslon  and  Corrosion  in  Nozzle  Environments 


(46)  Conducted  by:  Stanford  Research  Institute,  Menlo  Park,  California  (A  S.  Nelman, 

O.  Preston,  and  D.  A.  Brown) 

For:  Navy;  BuWeps,  SPO 
Title:  Tungsten  and  Ticket  Motors 

This  study  was  concerned  with  the  interactions  between  tungsten  and  the  exhaust 
constituents  from  solid-propellant  rocket  motors.  These  interactions  may  be  conveniently 
considered  under  three  main  categories;  chemical,  mechanical,  and  thermal.  In  this 
investigation,  emphasis  has  been  placed  on  the  chemical  interactions. 

(47)  Conducted  by:  Atlantic  Research  Corporation 
For:  USAF;  WADD 

Title:  Refractory  Metal  Rocket  Nozzle  Deterioration 
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Reaction  mechanisms  between  metals  (tantalum,  tungsten,  Ta-lOW,  and  various 
tungsten-baso  alloys)  and  propellant  combustion  environments  are  being  studied  to  aid 
development  o £  improved  nozzle  materials.  Propellant  variables  include  fluorine,  chlorine, 
and  nitrogen  contents  and  oxidation  ratios. 


Protective  Coatings 


(48)  Conducted  by:  Ceneral  Telephone  and  Electronics  Labs. ,  Inc.  (C.  .0.  Dickenson) 

For;  Air  Force;  WADD 

Title:  Research  on  the  Protection  of  Tungsten 

Conduct  an  investigation  into  the  definition,  relative  importance,  and  present  knowl¬ 
edge  of  those  factors  which  will  determine  the  efficacy  of  any  potential  materials  system  in 
protecting  tungsten  from  high-temperature  oxidation. 

(49)  Conducted  by:  New  York  University  (C.  G.  Goatzal) 

For:  Air  Force;  WADD,  Materials  Central 

Title:  Development  of  Protective  Coatings  for  Tungsten 

This  program  is  undertaken  for  the  development  of  protective-coating  systems  for 
tungsten,  in  order  to  utilise  it  as  a  structural  material  at  high  temperatures  under  oxidising 
conditions.  The  contractor  will  explore  the  feasibility  of  applying  intermediate  diffusion 
barrier  layers  developed  under  AF  33(61 6}- 5735  Implementing  improved  bending  techniques, 
as  well  as  possibilities  of  developing  additional  barrier  systems  based  upon  Introduction  of 
refractory  c  wsstltuents  into  the  complex  intermediate  layer  such  as  molybdenum  or  other 
refractory  motels. 

(30)  Conducted  by:  Thompson  Ramo  Wooldridge  Inc. 

For:  Air  Force;  WADD 

Title:  Devalopment  cf  Oxidation  Resistant  High  Temperature  Protective  Coatings  for 
Tungsten 

Investigations  are  continuing  into  the  formative  and  protective  q  Aire  of  metal  bonctod- 
metal  modified  oxides  ae  coatings  for  protection  of  tungsten  in  the  2500  to  3509  F  range. 
Protection  for  10  house  Including  five  thermal  cycles  to  room  ‘-mpersture  without  failure, 
at  3300  C  has  been  adnC;-^ 

(51)  Conducted  by;  Value  Engineering  Company,  Arlington,  Virginia  (J.  Humlnlk) 

For:  Army;  WAL 

Title:  Investigation  of  Oxidation  tad  Erosion  Resistant  Coatings  on  Molybdenum,  Tantalum, 
and  Tungsten 

The  objective  of  this  contract  ie  to  develop  a  rocket  nozsle  coating  for  tungsten, 
tantalum  or  molybdenum  capable  of  reducing  catastrophic  oxidation  and  erosion  under  high- 
gas-velocity  conditions. 

(52)  Conducted  by;  Manufacturing  Laboratories,  Inc.  (B.  S.  Lament) 

For:  Air  Force;  WADD,  Materials  Central 

Title:  Investigation  of  Interdlffuslon  Barriers  for  Structural  Refractory  Metals 

The  contractor  will  conduct  research  to  further  evaluate  tbe  efficacy  of  various 
metals,  alloys,  or  interme tallies  ae  barriers  to  Interdlffuslon  of  structural  refractory 
metals-  tungsten,  tantalum,  molybdenum,  columhlum  •  with  the  eventual  o'ojccKva  of 
developing  duplex  coatings  to  provide  protection  from  high-temper«ture  oxidation  for  said 
refractory  metals. 
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Properties 

(53)  Conducted  by:  Lcv'is  Research  Center,  Cleveland,  Ohio  (J.  R.  Stephens) 

For:  NASA 

Title:  Effect  of  Surface  Condit'on  on  Ductile- to-Brittle  Transition  Temperature  of  Tungsten 

The  effects  of  surface  conditions  on  the  ductile-to-brittie  transition  temperature  of 
specimens  of  commercially  pure  sintered  tungsten  were  evaluated  by  tensile  tests  carried 
out  in  vacuum.  Prior  to  testing,  the  specimens  were  vacuum- annealed  at  3500  F  for  1  hour, 
electropolished,  and  then  given  the  desired  surface  treatment. 

(54)  Conducted  by:  Lewis  Research  Center,  Cleveland,  Ohio  (R.  W.  Hall) 

.For:  NASA 

Title:  Effect  of  Strain  Rate  on  Mechanical  Properties  oi‘  Wrought  Sintered  Tungsten  at 

- ,  —  .  — - W  • 


The  effect  of  strain  rate  from  0.  002  to  20  in.  per  in.  per  min  on  the  tensile  proper¬ 
ties  of  rccrystallizod  tungsten  was  investigated  over  the  temperature  range  2500  to  4000  F. 

(55)  Conducted  by:  Lewis  Research  Center,  Cleveland,  Ohio  (P.  F.  Slkora) 

Fori  NASA 

Title:  High-Temperature  Tensile  and  Stress-Rupture  Properties  of  Some  Alloys  in  the 
Tungsten-Molybdenum  System 

This  investigation  was  undertaken  to  determine  the  high-temperature  tensile  prop¬ 
erties  of  powder-metallurgy  tungsten-molybdenum  alloys  at  temperatures  up  to  4400  F. 

For  this  purpose,  sintered  and  swaged  bars  of  alloys  containing  10,  25,  and  SO  weight  per 
cent  molybdenum  were  procured  from  a  commercial  vendor  and  were  tensile  tested  at 
temperatuies  from  2500  to  4400  F.  The  50  weight  per  cent  molybdonum  in  tungsten  alloy 
was  stress-rupture  tested  at  2500,  3000,  and  3500  F. 

(56)  Conducted  by:  Hughes  Tool  Company  (H.  S.  Porechanlan) 

For:  Air  Force;  WADD,  Materials  Central 

Tttie:  Design  Data  Ma.'iual  on  Tungsten 

Physical-  ar.d  mccharucal-design  data  were  obtained  on  snyeral  heats  of  commer¬ 
cially  pure  tungsten  at  temperatures  up  to  5000  F.  The  data  showed  the  effect  of  various 
fabrication  methods  on  the  design  properties  of  tungsten.  The  complete  processing  and 
fabrication  history  of  each  of  the  lots  of  material  were  recorded  so  that  lots  with  similar 
property  values  may  be  reproduced  at  a  later  date  for  weapon-system  manufacturers. 

(57)  Conducted  by:  Aerojet-General  Corporation,  Azusa,  California  (L.  L.  Gilbert) 

For:  Navy;  BuWeps 

Title:  P°r<>u*  Tungsten:  Melting  Point,  Spectral  Emtsstv*ty,  and  Total  Eml-^ivtty  for 
Densities  From  70^?  to  90f» 

The  three  thermophysical  properties:  melting  point,  total  emisslvity,  and  spectral 
emisiiivity  at  0.  65-jj  wavelength  were  determined  for  tungsten  densities  between  70  to  y0 
par  cent  of  theoretical. 

(58)  Conducted  by:  Stanford  University,  Stanford,  California  (O.  D.  Sherby) 

Fori  Air  Force;  AKL 

Title;.  Recaarch  on  the  Metallurgical  Variables  Effecting  the  High  Temperature  Modulus  of 
Elasticity  "  ~ 

Research  will  be  conducted  to  determine  the  effects  of  preferred  oru  rstition,  magnctu 
state,  and  temperatarr-s  on  the  high-fen  peruture  modulus  i  i  elasticity  <>f  mcialw  and  ,«lk>y  * 
Tim  relationship  between  the  crystal  >U„.'ure  a  no  the  modulus  of  elasticity  is  also  being 
investigated. 


i 

i 


A-12 


(59)  Conducted  by:  University  o£  Cincinnati  (M.  Hoch) 

For:  Air  Force;  ASD,  Materif  Is  Center 

Title:  Measurement  of  the  Thermrphysical  Properties  Using  an  Induction  Heating 
Technique  "  ~ 

Investigate  the  feasibility  of  utilising  an  induction-heating  technique  for  the  measure¬ 
ment  of  the  thormophy  steal  properties  of  solid  materials  and  determine  the  specific  heat, 
thermal  conductivity,  and  thermal  expansion  of  selected  materials  in  the  temperature  range 
1000  to  3000  C. 

(60)  Conducted  by:  University  of  Notre  Dams,  Notre  Dame,  Indiana  (D.  R.  Morgan  end 

E.  A.  Coomes) 

For:  Navy;  ONR 

Title:  A  Comparison  of  Oxygen  on  Tungsten  and  Molybdenum  by  Field  Electron  Microscopy 

(61)  Conducted  by:  Pratt  k  Whitney  Aircraft,  Div.  of  United  Aircraft  Corp. ,  East  Hartford,  Conn. 
For.  NASA 

Title:  Measurement  of  Spectral  and  Total  Emlttance  of  Materials  and  Surtaces  Under 
Simulated  Space  Conditions  ™ 

Objective:  To  provide  basic  information  cm  the  radiant  characteristics  of  materials 
suitable  for  space  power  and  propulsion  systems  under  high-vacuum  conditions.  The 
radiant  characteristics  of  materials  that  are  being  measured  are  total  hemispherical  emlt¬ 
tance  and  spectral  normal  emittance. 

(62)  Conducted  by:  LessellA  and  Associates,  Inc.  (F.  C.  Bailey) 

For:  Air  Force;  WADD,  Materials  Central 

Title:  Ultra  High  Temperature  Material  Evaluation 

The  objective  of  this  program  is  to  obtain  structural  design  data  on  ultrahlgh- 
temperature  materials  at  temperature  to  6000  F.  Data  will  include  the  tensile,  creep,  and 
low  cycle  fatigue  properties  of  tungsten.  The  equipment  and  instrumentation  to  obtain  these 
d,ta  are  being  developed  as  part  of  this  program. 

(63)  Conducted  by:  Fcntteel  Metallurgical  Corporation 
For:  Air  Force;  WADD,  Materials  Central 
Title:  Alloy  Specimens  for  Internal  Effort 

Mechanical-property  design  data  will  be  obtained  on  commercially  pure  tungsten  and 
a  cotumbium-base  alloy  at  various  high  temperatures.  The  columbium-base  alloy  Is 
designated  as  Faneteel  82  and  it  will  be  tested  in  tension  and  stress  rupture  in  either 
vacuum  or  an  argon  environment  to  assess  Its  potential  usefulness  in  space  vehichlos  or 
missiles.  Tensile  and  creep  properties  of  tungsten  will  be  determined  in  argon  and  vacuum 
atmospheres. 

(64)  Conducted  by:  Watertown  Arsenal  Laboratories,  Watertown,  Massachusetts 
For:  Army 

Title:  Effect  of  Alloy  Additions  on  Ductile- Brittle  Transition  Temperature  of  Tungsten 

Objective:  To  determine  the  effect  of  aUfty  additions  on  the  ductile-brittle  transition 
temperature  of  tungsten.  Certain  materials  in  varying  percentages  may  reduce  the  trans¬ 
ition  temperature  significantly  and  relieve  problems  in  fabrication  while  retaining  of  in¬ 
creasing  material  capability  of  withstanding  extreme  c-cnuitlons  of  temperature  and  stress. 
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Physical  Metallurgy 


A.  Alloy  Development 

(65)  Conducted  by:  Armour  Research  Foundation  of  Illinois  Institute  of  Technology,  Chicagi 
For;  Army;  'VAL 

Title:  Research  on  Development  and  Application  of  a  Theory  for  the  Plastic  Deformation 
of  Cemented  Alloys 

Conduct  research  aimed  at  establishment  and  application  of  a  theory  for  plastic  defor- 
mation  of  cemented  alloys.  Design,  fashion  and  evaluate  cemented  tungsten-alloy  systems 
for  the  development  of  a  refractory  metal  possessing  ductility  consistent  with  ambient 
temperature  formabillty. 

(66)  Conducted  by:  Battelle  Memorial  Institute,  Columbus,  Ohio  (H.  R.  Ogden) 

For:  Navy;  BuWeps 

Title:  Development  of  a  Ductile  Tungsten  Sheet  Alloy 

The  primary  objective  of  this  research  was  to  develop  tungsten-base  sheet  alloys 
having  excellent  fabricabillty  and  ductlle-to-brlttlc  transition  temperatures  below  room 
temperature.  Secondary  objectives  were  the  development  of  high  recrystallurtlon  temper¬ 
atures  and  high  elevated-temperature  strengths  in  those  alloys. 

(6?)  Conducted  by:  Climax  Molybdenum  Company  of  Michigan,  Detroit,  Michigan 
(M.  M.  Semchyshen) 

For:  Navy;  BuAer 

Title:  Binary  Alloys  of  Tungsten 

Conduct  a  survey  of  arc-cast  binary  alleys  of  tungsten  with  aluminum,  silicon, 
vanadium,  chromium,  iron,  cobalt,  nickel,  zirconium,  hafnium,  and  tantalum  In  the  cast 
form.  The  alloy  systems  will  be  classified  by  solid  solubilb, ,  the  nature  of  the  ((ret 
excess  phase  developed  in  tungsten- rich  composition,  amenability  to  heat  treatment  and 
rate  of  oxidation. 

(66)  Conducted  by:  Climax  Molybdenum  Company  of  Michigan,  Detroit  Michigan 
For:  Navy;  BuWeps 

Title:  Investigation  for  the  Purpose  of  Developing  Improved  Tungsten- Base  Alloys  on  a 
Laboratory  Scale  and  for  Dctcrmtnirg  their  Metallurgient  Characteristics  and 
Properties  * 

(69,70)  Conducted  by:  Crucible  Steel  Company  of  America,  Pittsburgh,  Pennsylvatu*  (C  J.  Dulls) 
For:  Air  Force;  WAPD,  Materials  Central 

Till®!  Research  on  Refractory  Alloys  of  Tungcten,  Tantalum,  Molybdenum  and 
Columbium 

An  objective  of  the  current  investigation  is  to  ascertain  whether  those  most  prom* 
ising  alloys  can  be  processed  to  sheet  form,  and  to  evaluate  their  piopertios  in  sheet 
form.  In  addition,  modifications  are  to  be  made  of  the  optimum  base  composition®  to 
provide  a  further  significant  increase  tu  strength  at  3000  F  and  higher  by  addition  of 
alloying  elements  to  form  dispersed  stable  carbides,  nitrides,  borides,  el;. 

(71)  Conducted  bys  NASA  Lewis  Research  Center 
For:  NASA 

Title:  lnvestig»L'ou  of  Are-Mcited  Tungsten  Alloys 

The  primary  purpose  of  this  research  is  tv  develop  tungsten-bass  alleys  with  better 
strength  than  pure  tungsten  at  tei«p«*.i!  irce  above  i30f<  V.  In  addition,  alloys  with  better 
fabricabillty,  lower  ouctile-ta-britti  i»  sit  ton  temperature ,  and  bolt*- 
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resistance  are  desired.  Binary  alloys  \  th  tantalum,  molybdenum,  columbium,  and 
titanium  in  amounts  ranging  from  0. 1  to  '5  atomic  per  cent  are  under  investigation. 

(72)  Conducted  by:  NASA  Lewis  Research  C.  iter 
For:  NASA 

Title:  Investigation  of  Dispersion-Strep;.  hened  Alloys  Prepared  by  Powder  Metallurgy 
Techniques 

A  fundamental  study  of  dispersion  ‘rengthening  of  nickel-base  mat  trials  prepared  by 
mechanical  mixing  of  fint  'setal  and  oxld  powders  has  been  in  progress  lor  some  time. 
This  work  is  being  extended  to  include  at  investigation  of  dispersion  strengthening  in  tung¬ 
sten  as  well  as  nickel,  using  the  submicr-  ..-size  metal  powders  (0. 03  micron)  which  have 
recently  become  available. 


B.  Fundamental  Studies 


(73)  Conducted  by:  Union  Carbide  Metals  Cor  ’*any,  Niagara  Falls,  New  York  (R.  W.  Fountain) 
For:  Air  Fottce;  WADC,  Materials  Lall. 

Title:  Investigation  of  the  Properties  it '  Antgaten  and  L's  Alloys 

Objectives:  (1)  determination  of  the  nechknical  properties  of  unalloyed  tungsten  at 
temperatures  above  2S00  F  and  (2)  evaluation  of  the  effects  of  fabrication,  alloying,  and 
other  variables  on  the  ductlle-to-brittlo  t.  xnsttlon  temperature  and  on  the  elevated- 
temperature  mechanical  properties  of  tunjtten.  It  has  been  found  that  a  stralght-llna  re¬ 
lationship  exists  between  the  reciprocal  c.  the  transition  temperature  and  the  log  strain 
rate. 

(74)  Conducted  by:  Unde  Company  and  Kayne  Stellite  Company,  Divisions  of  Union  Carbide 

Corporation 
For:  Navy;  BuWeps 

Title:  Fabrication  and  Properties  of  Tunt  ten  and  Tungsten  Alloy  Single  Crystals 

The  objective  was  to  evaluate  the  fa.hr lcability  and  properties  of  tungsten  and  tungateu- 
alloy  single  crystals.  This  was  accompli’  ed  with  65  crystals  prepared  with  diameters 
ranging  from  1/2  to  l  inch  and  lengths  fro  »•  6  to  18  inches.  Included  in  the  program  are 
several  dilute  alloys.  The  majority  of  cr  -talc  have  been  successfully  swaged,  forged  or 
rolled  at  temperatures  far  below  those  re«,  red  to  fabricate  pclycryitaUlne  tungsten. 

{75}  Conducted  by:  Westlnghouse  Electric  Cor  ration,  Lamp  Division  (R.  H.  Atkinson) 

For:  Air  Force;  WADD,  Materials  Com u 

Title:  Physical  Metallurgy  of  Tungsten  ar  Tungsten- Base  Alloys 

To  accomplish  the  development  of  hi ,  i- strength  tungsten-base  alloys  for  use  above 
MQ0  F,  the  physical  metallurgy  of  tungete  .nd  tungsten  alloys  was  studied.  Alloy  strength¬ 
ening  by  dispersed  second  phases  (carbide*,  oxides,  borides)  was  also  investigated. 

Accomplishment  of  the  program  obje  .ire  encompassed  research  in  three  areas: 

(1)  physical  metallurgy  of  high-purity  tung  >n;  (2)  tungsten-alloy  single- crystal  studies* 
and  (3)  fabrication  studies'  of  potential  high  irength  alloys. 

(76)  Conducted  ty»  Battelle  Memorial  Institute  Columbus,  Ohio  (It.  L  laffee) 

For:  Air  I  vree;  WADC,  Materials  Lab. 

Title:  No*  ,h  Sensitivity  of  Refractory  Met.  ■* 

A  study  was  conducted  to  determine  »  e  effect  of  a  notch  on  the  tenelle  properties  o i 
four  refractory  metals  and  one  alloy.  One  .trees  concentration  factor  was  used  and  its 
effect  was  studied  through  a  range  of  temp* ’Store*. 
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(77)  Conducted  by:  Nuclear  Metals,  Inc. ,  Concord,  Massachusetts  (E.  J.  Rnpperport) 

For:  Air  Force;  WADD 

Title:  Determination  of  Refractory  Metal  Phase  Digrams 

Nuclear  Metals  served  as  the  prime  contactor,  with  subcontracts  at  MIT  and  Vest- 
inghouse  to  establish  constitution  diagrams  V  the  following  systems: 


W-Pd 

Cfe-Rb 

Mo-Ir 

iV-Mo-Os 


Cb-Ir 

Cb-Ru 

Mo-Zr-Ti 

V-R-j-Hf 


Mo-Zr-Ti-C  (min  of  two  carbon 
levels  up  to  0.  J  weight  per  cent  C 
max) 

Cb-Hf 


(78)  Conducted  ny:  Nuclear  Metals,  Inc. ,  Concord,  Massachusetts,  Subcontractor:  Advanced 

Metals  Res.  (N.  L.  Peterson) 

For:  Air  force;  WADD,  Materials  Central 

Title:  Determination  of  Diffuslvltles  of  Selocted  Elements  in  Refractory  Metals  Plus  a 
Literature  Survey^!  Dilfusion  ”  ” 

The  contractor  is  conducting  a  survey  of  current  and  previous  lnve  ttlgatlons  of 
diffusion  in  refractory  metals.  Concurrently,  an  investigation  of  diffusion  in  refractory 
metals  is  being  conducted.  This  Is  to  consist  of  determining  the  diffusion  coefficients  and 
other  related  data  for  the  tungsten-iridium,  tungsten- ruthenium,  tungsten-rhodium, 
tungsten-platinum,  molybdenum- silicon,  and  cplumblum-chromlum  systems* 

(79)  Conducted  by:  Manufacturing  Laboratories,  Inc.,  Cambridge,  Massachusetts  (B.  S.  Lemont 

and  M.  Cohen) 

For:  Air  Force;  ASD 

Title:  Substructures  in  Refractory  Medals 

The  primary  objectives  of  the  program  are  as  follows:  (1)  determination  of  ih«  effect 
of  substructures  on  ductile  to  brittle  transition  behavior,  (2)  determination  of  the  role  of 
substructures  in  fracture;  (3)  assessment  of  the  contribution  of  substructures  to  the  fibered 
condition  and  any  subsequent  alteration  of  properties  due  to  libering;  (*})  Investigation  of 
possible  quantitative  relationships  between  substructure  parameters  and  yield  behavior;  and 
(5)  appraisal  of  the  effectiveness  of  substructures  as  an  elevated-temperature- strengthening 
agent. 


The  contractor  shall  continue,  to  conduct  a  comprehensive  study  of  the  nature  of 
Substructures,  their  relation  to  recovery  and  reerystaUisatlon  and  their  effect  on  mechan¬ 
ical  properties  of  the  refractory  metals  tungsten,  molybdenum,  tantalum,  and  columbiurii. 
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46D  Department  of  Defense  Titanium  Sheet  ■RftliitrJI  Program  -  Unlfbtm  Tettlng  Procedure  for  Sheet  Matetlali, 
September  12.  19SS(PB  121603  55.25) 

aCf  Department  ofpefeiue  Vitanluns  Sheet -Rolling  ftogram  -  Thetnul  Stability  of  the  Titanium  Sheet -Rollmg- 

Progtam  Alloys,  Novemhei  25,  l»Si(PB  J310.-T  61,25) 

«F  Department  of  Defense  Tsunlum  Sheet -PoUutg  r-wyatn  Status  Repot!  No.  4,  Match  20,  1959  (PB  151055  92.25) 

4c G  Dcpar mem  of  Defense  Titanium  SUcci-Rollict,  Piu -tir.  •  Time-Tcmperature-Tiansfoimulon  Dlagiamt  of 

the  ruastum  Shcet-Rollteg  Progtam  Alloys,  October  It  1959  (PS  151075  52,25) 

46H  Department  of  Defense Titanium  Shcel-Rollicg  fiogtrr.,,  Status  Report  No.  5,  June  1.  1960  (PB  151087  52.00} 
461  Statistical  Attai/ut  of  Tcmite  psopetVf  i  of  I  lest -t'  ttiud  Tt-*Al-3Mo-lV  Sheet,  September  16,  1660 

(PS  151095  M.25) 

40  statistical  Analysis  of  Tensile  Ptopetllcs  of  Hcat-Trcaicd  TI-4A1-3MO-IV  andTl-2.5AI*16V  Sheet, 

106  Beryllium  fot  Smtcturil  AppUcatlont,  August  15,  1956  (PS  121648  53.60) 

101  Tensile  Properties  of  Vitatntun  Alloys  at  Lew  Tempetature,  Januaty  15,  1959  (PB  151062  51.25) 

108  Welding  and  Bracing  of  Molybdenum,  March  1,  1959  (PB  151063  5..  2b) 

109  Coatings  for  Protecting  Molybdenum  ftom  Osidation  at  Elevated  Tempetature,  March  6,  1959  (PB  151064 

51.25) 

110  The  AU-pcta  Titanium  Alloy  (T.-l3V*llCr-5AI),  Aptii  17,  1319 (R  151056  53.00) 

111  The  Physical  Metallurgy  of  Precipitation •llardenable  Stainless  Steels,  April  20,  195t(fB  151067  12.00) 

112  Pbyucal  and  Mechanical  Ptopcitiei  of  Nine  Commercial  Prccipitiuoa-Hardcnoblc  Stainless  Steels, 

May  1.  1959  (P3  151068  55.25) 

115  Properties  of  Ceirain  Cold  •Rolled  Ausicnltie  Stainless  Sheet  Sice.',  May  IS,  J9S9(PB  151060  51.75) 

114  Dccrilc -Brittle  Tiamitioa  in  tha  Refractory  Meieli.  June  25,  isv.9(s?  jsjoio  82.05) 

115  The  fabrication  of  Tungsten,  August  14,  135.' (PB  USu?l  Jl.’S) 

im  Design  Information  on  SCr-Mo*V  Alloy  Steels (ll-ll  and  iCt-Mo-V  Airciafl  Steel)  vor  Allcraft  and  Missile* 

(Rcvisedj,  September  39,  1«9(P8  lllOTJ-R  51. utf 

517  Titanium  Asloyi  for  lligh-Temperature  Use  biter, ghened  uy  rtbers  or  Ditpr-rseo  *••  ..let,  August  51,  1959 

(» 151015  52,00) 

1U  Welding  of  IDgn-Bt-cegth  Steels  lor  Aitcrall  and  Ivitlfo  Applications,  October  12,  1959  (18  151074  52  21) 

119  Heat  Treatment  of  liigh-Stresgih  Steels  for  Aircraft  ApplicnsWu,  November  27,  1959  (PB  151078  52.56) 

120  A  Re. icy  of  Certain  fvrtcua  Cnmngi  Application!  in  Aircraft  and  Mittilei,  December  1 J,  1959  (P8  155017 

II. IC) 

121  Mcrhodi  for  Conducting  IborfTime  Tens!*.  Creep,  and  Creep-Rupture  Teats  Under  Conditions  of  Rapid 

Hetury*.  December  20,  1939 (PB  IfluTd  4l..  ) 

tti  The  Wcl5i*j  of  Titanium  rnd  T,t*ru.»n  Alfoyi,  December  31,  1959(98  lMu79  $1,75) 

123  Oa.dattou  StStavior  and  Piotectivs  Coalings  for  Coltunbium  and  Columbiuin-Saie  Alloys,  lamuiy  15,  1933 

(PB  151050  52.24) 

124  Coital  Tests  for  Evaluating  fiuinc  Toughneii  of  Sheet  Metals  at  High  strength  levels.  Jorum  #  29.  19&3 

(93  ISloll  82.  w) 

125  PhysicaUadMCchs”o-|lfri\xn!CS«fCc;u^  -u  a,. J  CoMnbium -Bose  Alloys,  February  22,  <960 

(PS  151082  51.75) 

326  Structural  Damage  »n  fbwtwlly  Cycled  Rend  41  and  A  tn-foy  Sheet  Mate, .ill.  February  i.»,  195j 

(PS  151ot3  85.7a) 

127  Physical  and  Mc^iatcical  Ptepemes  of  Tungsten  and  TungstcA-Bare  Alleys,  MorcS  15,  I960  (PB  IMoSd  ll.  fi) 

128  A  Summary  of  Comsarative  Piopcr*.*,  of  Ait-Melted  and  Vacuum-Melted  steels  and  SupcatL-y*, 

u,-,h  25,  1262  (f8  JblOdo  J7,*it 

123  Physical  Psopen^a  of  Some  H  rUl-Baie  Aucp-  May  Co,  136uiPBl31.su  r..  "I) 

150  Selected  ihott-Time  Tensile  and  Oeep  Data  Ob-o.aeu  w-4»i  ol  Rapid  1  .  1,,  i»  . 

(PS  151088  12,  C*) 

151  New  Developments  in  the  Weldicg  of  Metals,  June  24,  196c  (PS  lil  •«*  |1.  .ip 

132  Design  Mformanoa  on  Nickel-Base  Alloys  for  A  rcraft  ar-d  M.-c.lo>,  J,i,  135,  tf*)  r  i  j.  ( 

133  Tauuiuei  and  Ttualuxi  Alloys.  1  j/  i>.  1 «.  -  (PB  l  l-.-c  J..  ; 

13J  Strain  Agag of  RetSuWcy  Metals.  A^,o  M,  |Sw(Pj  i  *j.  t  | 

153  Design  tefocnttHm  on  PH  15-7  Mo--ta..lea  uretl  for  A-t-ia'i  a,-J  v  -i»,.  ...  r-  (i-n  i  j/.ji,,  , 
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The  Effect!  of  Alloying  Elementi  la  Tlunltnn,  Volume  A.  Cautltution,  September  IS,  1930  fPB  151014 
33.30) 

Ttw  Effeco  of  Alloying  Element!  In  Titanium,  Volume  3.  P  hylic  a  1  mv)  Cbemlr;!  Proper’ Iti,  Defamation 
and  Transformation  Chitacttrluica,  May  23,  1931  (AD  230226  33.00) 

Detlgn  Information  on  17-7  Pll  Sulnleu  Steeli  for  Alictift  ini  Mlullet,  September  23,  1930  (PS  151093 
31.00) 

Availability  and  Mechanical  Propertlet  of  IliffrSutoglh  Steel  Extruilccu,  October  23,  1930  (PS  131097  31.73) 
Melting  end  Ceiling  of  the  Rifttctory  Meteti  Molybdenum,  Columblum,  Tenrelum,  end  Tungtten, 

November  18.  1950  (PS  I5K93  31.00) 

Fhyilce!  end  Mechenlcel  Propertlet  of  Commercial  Molybdenum-Beie  Alloyi,  November  30,  1930 
(PS  13109933.60) 

Titanium-Alloy  forging*,  December  19,  1930  (PS  131100  32,23) 

Environment >1  Feeton  influencing  Meteli  Appllcetlonr  lit  Spice  Vehicle!,  December  27,  1930  (FS  131101 
II  25) 

Hlgh-Strcngth-Slcel  Forging!,  Jtnwary  5,  1931  (FS  131102  31,73) 

Strtu-Concaion  Cracking  -  A  Nontechnical  Introduction  lo  the  Problem,  January  8,  1981  (PS  131103  10.73) 
Design  Infccmatlcn  on  Titanium  Alloyi  for  Aircraft  and  h'iulkt,  January  10,  1931  (PS  131104  32.25) 

Manual  fee  Icrylllum  Ptot  pec  loo,  January  18,  1931  (FS  10110331,00) 

The  Factcei  Influencing  the  Fracture  Choree terUUci  of  HIgh-Sttength  steel,  February  8,  1981  (PS  131104 
11,29 

Review  of  Canal  Data  on  (he  Team  frofutlct  cf  Metab  at  Very  Lev  Tcmpetarcei,  February  14,  1931 
(K  151167  32.00) 

truing  for  High  Temperature  Ictvtce,  February  21,  1931  (PS  13110331.00) 

A  Review  of  tending  Method!  fa  Sialnleii  Steel  Tubing,  Much  2,  1931  (Ft  131102  31,36) 

Environmental  and  Metallurgical  Foe  ton  of  Sttcn-Custoafoa  Crocking  In  lllgh-tiueiigth  3'relt,  April  14,  1931 
(FS  1511)6  S0,7t) 

Unary  and  Ternary  Fhate  Diagrams  of  Columbtnn,  Molybdenum,  Tantalum,  *M  Tcnrsien,  April  23,  1981 
(AD  237739  33. 30) 

FhyUeal  Metallurgy  of  Nickel-tare  Superilloyi.  May  5,  1931  (AD  244041  |I 

Evolution  of  Ultrahigli-SiKngth,  llardenable  Steeli  Isr  Inltd-Fioeellant  Rocke  •  -ut  Caret,  May  23,  1931 
(AD  237973  31.2!) 

Oaldatloa  of  Tungtten,  July  17,  1941  (AD  233593  33,00) 

Dealgn  Infocmerlon  on  Akl-330  Sulnleu  tlccl  fa  Aircraft  and  Mltatlci,  July  28,  1931  (AD  262407 1.. 30) 

A  lummary  of  the  Theory  of  Fracture  in  Metalr,  Augat  7,  1931  (PB  131081  31.73) 

tucu-Caralns  Cracking  of  Hlgh-Strrngth  Stamina  Steeli  in  Atrocaphrric  r  Alronmtnu,  September  IS,  1931 

(AD  933005  31,69 

oaa.preuuee  lending,  September  2 J,  1931  (AD  "43133  31.73) 

Introduction  to  Mclab  fa  Mevled-Temferr-  <  (Jie,  October  27,  1981  (AD  a  e47  39,30) 

Statue  Repot  No.  1  on  Department  of  Defeat*  Reft ac toy  Metab  »hret-«olllng  Program,  Novcmbct  2,  1941 
(AD  237017  31.00) 

Coating!  lot  the  Protection  of  ItefiKtay  Mctali  From  Oaldalion,  November  24,  1231  (AD  211314  33. 30) 

Control  of  Oimciwom  la  lllgh'ltieagih  Meat-Ticatad  tied  Font,  Ncvimber  29,  1941  (AD  210043 11,00) 
Scmlimtcat-Jc  Freclpllailoa-llardeaible  tutaleu  Steeli.  December  4.  1911  (AD  91U09  32. 71) 
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